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Abstract

Electrical drive system, a major power electronics area, play a very important role in the
energy saving effort as an action for global environmental protection. Electric vehicle is one of
its application for such purpose. Electrical drive system interfaces the electrical supply with the
vehicle wheels, transferring energy in either direction as required, with high efficiency, under
control of the driver at all times. Most electric vehicles have a regenerative braking system.
During braking, the motor acts as generator and converts the energy caused by the movement
of the vehicle back into electricity and saved in battery or other storage system for further reuse.

Some problems occur in attempting the energy saving in electrical drive system. In one
case, the motor is operated in high-speed area. High-speed motor operation capability can
provide high kinetic energy to be recovered by the regenerative control system. This high-speed
operation is limited by the output voltage of the inverter. In another case, the energy is saved
by driving the vehicle in coasting operation, the motor should can be restarted from coasting
operation. However, in the motor restarting under the speed sensorless control, the initial
speed estimation problem occurs. And then, when the regenerative braking control is applied
to the PMSM drive system of electric railway vehicle with the light-load energy consumption,
the electrical oscillation occurs. Furthermore, the accurate system model is necessary for the
high-performance control design to obtain the efficient energy maintenance system in electric
vehicle. However, grasping the characteristic of large-scale combinational batteries is difficult.
The works described in this thesis addresses the investigation of these problems with each
solution as a result.

A simple novel field-weakening is proposed, which combines the saturation voltage strategy
to improve the DC voltage utility for high-speed motor operation. In this scheme, the PMW
mode is not changed, as a result, the control system construction is simple (cost reduction).
The performance analysis is presented, and then, the control gain selection is decided.

The motor restarting capability after coasting operation is investigated. The result gives a

consideration for a successful motor restarting after coasting operation under speed sensorless
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control using a speed adaptive observer. The investigation is carried out through experiments
and simulations, due to the system object is highly non-linear system. The minimizing con-
vergent time strategy of speed estimation, using gain scheduling based on the gradient slope of
estimated speed, is proposed.

The oscillation phenomenon of the light-load regenerative control is confirmed through the
experiment and the simulation. The mathematical model of investigated system, which divided
into four operation conditions, is derived. The cause of the oscillation phenomenon is then
clarified. Based on the analytical results, a new regenerative braking control method in purpose
to eliminate the oscillation is proposed.

The equivalent circuit of battery is estimated from the obtained admittance value decided
using the transfer function concept. The series and parallel batteries model is calculated math-
ematically from a single battery model. It is verified that the battery modeling can be done

easily by using a proposal technique.
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Chapter 1

Introduction

1.1 Background of the thesis

Electrical drive systems as one of the basic technology has been put to the practical use to
support the modern technology. The electrical drive system in electric vehicle is one of the
representative objects. In present time when the environmental energy problem becomes serious,
the electrical power regenerative becomes the large strong point of the electrical drive system
to be paid attention. Especially, a large contribution on energy saving can be expected from
the electrical drive system of the electric vehicle with relatively big inertia load by adopting the
electrical power regenerative brake system. Based on this background, in this thesis the energy
saving in electrical drive system for electric vehicle application is studied with a focus on the
alternating-current (AC) motor that has advantage of less maintenance than the direct-current
(DC) motor.

From the viewpoint of electric power source, electric vehicle can be classified to electric car
(EC) and electric railway vehicle (ER). The electric power source of EC is stored in batteries
those are carried onboard, while the electric power source of ER is provided by substation via
a transmission cable along the railway path. The capacity of storage batteries of EC is limited
with the restriction of the loading space and mass. This limitation results in a limit driving
range of EC with the once charged storage batteries. On the other hand, although there is no
problem with the driving range of ER, a method to save energy in a battery that is mounted
on the vehicle onboard or placed at the power substation is considered for energy conservation
purpose. For example, reusing the regenerative power in a DC supplied ER. Thus similar to the
EC system, it is believed that in the future the capacity problem of storage battery becomes
obvious existence in the ER system. From now on, it is thought that the importance of storing

electricity rises further in addition to machine loss cutting down when it aims at the energy
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saving in the electric vehicle drive system.

Refer to aforementioned background, the energy saving efforts in electrical drive system are
attempted. First, increasing the regenerative braking power with a high-speed operation as to
recover the kinetic energy as much as possible, and decreasing the total energy consumption
are important to enhance the effectiveness of the regenerative brake control system. Then,
to make the regenerative energy effectively, the regenerative electric power should be adjusted
corresponding to the condition of the storage battery. Therefore, a proper grasping of the
charging condition of the storage battery becomes indispensable too. Furthermore, in order to
save the energy, it is also important to decrease the energy loss in the drive system. Concretely,
by turning off the electricity while the vehicle is moving promptly for coasting operation after
it reaches a speed, the occurrences of inverter switching loss and magnetic excitation loss (in
case of induction motor) are prevented. It can be concluded that energy can be saved through

the reuse of regenerative energy and the efficiency on consuming energy.

1.2 Statement of Problems

Based on the above background, the research-works of this thesis, in the area of electrical drive

system, includes:

1. The investigation of a combination of the maximizing DC voltage utility strategy in the
asynchronous PWM inverter and a novel field weakening scheme as to aim the increase of

the regenerative electric power in the high-speed operation,

2. The investigation of the restarting capability of the induction motor under the speed

sensorless control condition,

3. The proposal of the elucidation and solution of the electrical oscillation phenomenon in the
permanent magnet synchronous motor drive system with a light load energy consumption,

and

4. The investigation of the modeling technique for a lead-acid storage battery characteristic

expression.

Through the investigation and verification of the above research-works, this thesis con-
tributes to energy saving in the electric vehicle drive system. The summaries of problems

statement and contributions of this thesis are illustrated in Fig. 1.1.
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Figure 1.1: Statement of problems and contributions.

1.3 Overview on Electrical Drive System

1.3.1 Topology of Electrical Drive System

In the electrical drive system, energy conversion occurs between electrical energy and mechanical
energy. In the motoring operation the electrical energy is converted to mechanical energy. In
the generating operation the opposite conversion occurs. The electrical drive topology consists
of electrical power source, power semiconductor converter, electrical machine (motor), load
machine, and control unit. A block diagram representation of an electrical drive system is

shown in Fig. 1.2.

Electrical :> Power > [Electric > Load 4
power  ———— semiconductor [———— machine [ o machine
source < ........ converter < ........ < ........ (work)
Energy flow
for motoring
<-- - Energy flow Control Sensors
- for regenerative s Ob
: servers
braking unit ( )
Commands
interface

Figure 1.2: Block diagram of an electrical drive system.
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The power semiconductor converter controls the flow of electrical power between the motor
and the power source such that the motor matches the load requirements. The converter is an
electrical power conditioner and acts as a voltage and frequency changer. The control of the
converter is built in the low-voltage, low-power control unit. The command interfaces the inputs
to the control unit which, in order to adjust the operating point (torque, speed or position)
of the drive, makes use of direct feedback sensors, or indirect observers of some of the state
variables such as voltages, fluxes, currents, torque, speed, and position.

Electrical drive system has been established for a long time. It evolutes from direct current
(DC) drives to various forms of alternating current (AC) drives. Fig. 1.3 shows drive evolution

as a basic four-step process.

DC Drive
Speed Torque
Control Control

®
Scalar Frequency Control

\
Frequency \43 PWM
Refference | 2] Ratio | f .| Modulator

Flux Vector Control

Speed Torque Vector Vv PWM
Control Control Control f Modulator

©

Direct Torque Control
Speed Torque Hysteresis
Control Control Control

Figure 1.3: Evolution of drive control techniques.

DC Drive

Torque is directly proportional to armature current in the dc motor. By using an inner-current
control loop, the dc drive can directly control torque. Likewise, the constant magnetic-field ori-
entation, which is achieved mechanically through commutator action, makes direct flux control
a given. Thus, two primary factors toward insuring responsive control (i.e., direct torque con-

trol and direct flux control) are both present in the dc drive. The relatively simple electronics



1.3. Overview on Electrical Drive System 5

required to implement the dc drive represents another advantage. On the negative side, both
the initial and maintenance costs of dc motors are high, and high performance speed accuracy

can only be achieved if an encoder is included for feedback.

Scalar Frequency Control

All of the ac drives compared here allow the use of economical, robust ac induction motors.
Scalar frequency control also offers the advantage of operation without an encoder. On the
negative side, torque and flux are neither directly nor indirectly controlled. Control is instead
provided by a frequency and voltage reference generator with constant volts per hertz output,
which then drives a pulsewidth modulated (PWM) modulator. Although simple, this arrange-
ment provides limited speed accuracy and poor torque response. Flux and torque levels are
dictated by the response of the motor to the applied frequency and voltage and are not under

the control of the drive.

Flux Vector Control

Flux vector control reestablishes one of advantages of the dc drive through implementation
of direct flux control. In this case, field orientation is controlled electronically. The spatial
angular position of rotor flux is calculated and controlled by the drive, based on a relative
comparison of the known stator field motor to feedback of rotor angular position and speed. The
motor’s electrical characteristics are mathematically modeled with microprocessor techniques
to enable processing of the data. Torque control is indirect because of its position in the
control algorithm prior to the vector control process, however good torque response is achieved
nonetheless. Inclusion of the pulse encoder insures high-performance speed and torque accuracy.

The biggest disadvantage of flux vector control is the mandated inclusion of the pulse en-
coder. Another minor disadvantage is that torque is indirectly, rather than directly, controlled.
Finally, the inclusion of the PWM modulator, which processes the voltage and frequency refer-
ence outputs of the vector control stage, creates a signal delay between the input references and
the resulting stator voltage vector produced. These last two factors limit the ultimate ability

of flux vector control to achieve very rapid flux and torque control.

Direct Torque Control

Direct torque control also reestablishes direct flux control. In addition, direct torque control is

implemented. Both flux and torque are controlled by a hysteresis controller. The delays asso-
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ciated with the PWM modulator stage are removed, since the PWM modulator is replaced by
optimal switching logic. The original benefits associated with the dc drive of direct torque con-
trol, direct flux control, and high responsiveness are, thus, all reestablished. Torque response is
better than that available with either dc or flux vector control. In addition, assuming moderate
speed accuracy is acceptable (typically 0.1%-0.3%, or 10% of motor slip) the need for a pulse
encoder is eliminated.

Table 1.1 provides a summary comparison of the four drives described above.

Table 1.1: Comparisons of control types

Torque Flux
Control Type Control Control Response Advantages Disadvantages
DC Drive Direct Direct High High accuracy Motor maintenance
Good torque response Motor Cost
Simple Encoder required for high accuracy
Scalar Frequency None None Low No encoder Low accuracy
Control Simple Poor torque response
Flux Vector Indirect Direct High High accuracy Encoder always required
Control Good torque response
Direct Torque Direct Direct High No encoder Encoder required for high accuracy
Control Moderate accuracy
Excellent torque response

1.3.2 Energy Sources in Electrical Drive System

Basically, there are five energy sources to power the electrical drive system. These are (1) the
electrical utility, (2) a fuel cell, (3) a battery bank, (4) super capacitor, (5) flywheel storage.
Fig. 1.4 shows the block diagram of the energy sources in electrical drive system. To achieve
the desired power transfer between the energy sources and the common DC bus, a DC-to-
DC power converters are utilized. The fuel cell always supplies the DC bus, and hence, the
corresponding converter is uni-directional. On the other hand, the converter associated with
the super capacitor is bi-directional so that during deceleration, part of energy released by the
motor can be fed into the super capacitor. As well as the converter of the super capacitor, the
inverter of the flywheel system is be-directional. A high rotational flywheel is used to store
kinetic energy. This energy can be maintained by minimizing the friction losses. The coupling
of this flywheel with a high efficiency motor-generator allows to store-restore the kinetic energy

in electrical form. The batteries are connected directly to the DC bus.
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Figure 1.4: Energy sources in electrical drive system.

1.4 Outline of the Thesis

This thesis consist of six chapters, and topics of each chapter are briefly describe as follows:

Chapter 1: Introduction Chapter 1 outlines some backgrounds that motivate the
works in this thesis. The problems related to energy saving in electrical drive system are
formulated. The solutions to these problems are also briefly described. Outlining the topics of
each chapters ends this chapter.

Chapter 2: Field-weakening scheme in combine with saturated voltage control
strategy If the DC voltage utility can be improved as to improve the output power in the
high speed motor operation, a larger kinetic energy can also be recover. In this chapter, to
combine the maximizing DC voltage utility of the asynchronous PWM inverter using a satura-
tion voltage strategy, a novel field-weakening scheme corresponding to the torque improvement
is proposed. It is difficult to do so in the previous field-weakening scheme, since a Proportional-
Integral (PI) controller controls the motor voltage not to exceed its limit. Instead using PI
controller, to be able to implement a voltage saturation technique, the proposed scheme uses
only a Proportional controller with low-pass filter. With using the proposed scheme, the control
system construction is simple, since the changing in PWM mode is not necessary. Experimen-
tal results and performance comparisons are presented to show the proposed scheme has an
improved torque capability over the previous one.

Chapter 3: Motor restarting capability of speed sensorless drive As for an

energy saving effort, the energy loss decrease due to the electricity of the inverter is turned off
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in the motor coasting operation. Then the motor should be restarted when the acceleration
or the regenerative braking is needed. Therefore, the restarting capability is one of essential
technology for energy saving in electrical drive system. For this research purpose, chapter 3
deals with the preliminary investigation of the induction motor restarting capability under the
speed sensorless control condition. The speed sensorless scheme in this chapter utilizes a reduced
order observer. The initial value problem of speed estimation that occurs when restarting the
motor after coasting is emphasized. The initial estimated speed selection for a successful motor
restarting operation is studied further.

Chapter 4: Anti oscillation strategy for the regenerative braking control In
this chapter the analysis of the oscillation phenomenon, when the regenerative braking control
is applied into the PMSM drive system with a light-load energy consumption, is presented and
an anti oscillation strategy is proposed to overcome this stability problem. First, the oscillation
phenomenon, which occurred in the actual electric vehicle, is confirmed through the experiment
and the simulation. The mathematical model of investigated system, which divided into four
operation conditions, is derived. The cause of the oscillation phenomenon is then clarified
by solving each steady state solution and pole analyzing. Based on the analytical results, a
new regenerative braking control method in purpose to eliminate the oscillation is proposed.
Finally, the validity of the effectiveness of the proposed control technique is verified through
the experiment according to the mini model of the investigated system.

Chapter 5: Storage battery modeling In this chapter, the new technique to model
the transient characteristic of the lead-acid storage battery is proposed. First, the frequency-
response of battery in the discharge state is measured. The concept of transfer function to
decide the admittance value of battery is introduced. Then the equivalent circuit of battery is
estimated from the obtained admittance value. The variation of circuit-constant values with
the battery residual capacity is investigated. The series and parallel batteries model, which
provides high voltage and power capacity, is calculated mathematically from a single battery
model. This mathematical model is confirmed by comparing its frequency characteristic with
the measured one from the experimental system. It is verified that the battery modeling can
be done easily by using a proposal technique. The storage battery modeling contributes to the
optimization of the regenerative energy usage.

Chapter 6: Conclusions and Recommendations Chapter 6 gives a summary of the
overall results from the former chapters, identifies the main conclusions of this research works,

and provides some directions to continue and to extend the research works in the future.



Chapter 2

Field-weakening scheme in combine
with saturated voltage control
strategy

In this chapter, a novel field-weakening scheme which is combined with a saturated voltage
control strategy is proposed and its performance comparison with the previous scheme (without
implementing the saturation strategy) is presented. Though the proposed scheme is quite
simple, it is effective to provide a higher torque capability then the previous scheme does. The
maximum torque is produced by increasing the flux-producing current as much as possible
while the stator voltage reference is saturated. The voltage saturation condition is stimulated
by adding the torque-producing current into the flux-producing current reference. Since the
DC voltage utility can be improved, that hence, improve the output power in the high speed
motor operation, a larger kinetic energy can also be recover. Experiments were carried out to
verify the proposed scheme. The experimental results of the previous scheme are also presented
for comparison purposes. Furthermore, the performance comparison analysis is presented and

from the analysis results the gain parameters for a satisfied performance are selected.

2.1 Introduction

The high-speed operation of the field oriented induction motor control requires a flux decreasing
to counteract the back electromotor force (EMF) increasing that will approach the available
inverter voltage. Decreasing the flux causes the available torque is reduced. However, the
available torque is still can be improved by implementing the voltage saturation strategy to
maximize the dc-bus voltage utilization. The field weakening can be performed automatically

using a voltage controller without utilizing any motor parameter. Unfortunately, in this field
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weakening scheme the saturation strategy is not easy to be implemented.

In a torque-controlled induction motor drive, the maximum output torque and output power
besides depend on the motor power rating, also depend on the inverter current rating and the
maximum voltage that the inverter can supply to the machine. When the inverter power
capability is higher than the machine power, it should be limited to keep operating the machine
safely. To operate the machine at very high speed as required in many applications, such
as the traction and spindle drives, field-weakening scheme should be adopted, but available
torque is reduced. A control strategy, which considers current and voltage limitations, should
be implemented so that a maximum torque can be obtained in the whole speed range.

Many papers have proposed new control strategies to provide a maximum torque capability
in the field weakening area with taking into account the current and voltage limits [1]~[4].
The approaches have superior torque capability compare to the conventional 1/w, method. To
achieve a maximum torque, the flux reference is calculated by examining the relation of the
output torque capability with the leakage inductance of the machine [1]. A different approach
in determining the flux reference is using a voltage controller [2, 3]. Then, a voltage-margin con-
troller is developed that rejects dc-link and load disturbances [4]. However, all field-weakening
schemes [1]~[4] are applied only in the linear region of the PWM inverter.

Since the space vector pulse width modulation (SVPWM) becomes popular used in motor
drive system, the study of the SPWM capability, especially for the field-weakening application,
is left behind. Although many papers have been dealt with the maximizing voltage utility of
PWM inverter through an overmodulation operation [5]~[12], their implementation with the
field-weakening scheme in the induction motor drive has been not studied intensively. Only few
studies on it were found [13, 14]. An over modulation strategy by tracking the voltage vector
along hexagon sides of SVPWM was incorporated with the field-weakening scheme to give a
better voltage utilization [13]. However, here the field-weakening scheme that was adopted [1]
still uses motor parameters to set the flux reference. It was not mentioned a possibility the
use of the voltage control strategy as the authors proposed [3]. In another reference, a voltage
saturation technique was used for maximizing dc-bus utilization in current regulator [14]. Here,
a form of field weakening is provided intrinsically by using a complex vector synchronous frame
PI current regulator. Unfortunately, the current limitation is not considered in this technique.
And also a scheme for determining the flux reference is still required.

This chapter proposes a different approach of field-weakening control for providing a max-

imum torque capability considering voltage saturation and current limitation. The voltage
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saturation performs a voltage limitation with maximum dc-bus utilization. In present time, the
proposed scheme is implemented to the rotor-flux oriented control of a SPWM VSI-fed induc-
tion motor. The first part of the chapter describes the currents control with decoupling system.
Then followed by describing the voltage saturation strategy and the field-weakening scheme in
detail. Then the experimental results of the proposed scheme including comparisons with the
previous scheme are presented. Finally the performance analysis is presented, and based on the

analysis results the gain parameters for the satisfied performance are selected.

2.2 Currents control with decoupling system

The dynamics of an induction motor in the synchronous frame are given by

& = Az + Bu (2.1)

where: &= [ i isq Gra Prg | w=[ v vsg ],
ail a2 a3 a4 by O
ol I Bl B R R
0 as1 —aszs ass 0 0
a1 = —Rs/(oLs) — L2,/ (0L, L,T;) | a2 = We ,
a3 = Ly, /(0 LsL,T,) a1y = wy Ly, /(0 LsLy)
ass = —1/T, , as4 = Wsl ,
by =1/(oLs) o=1-L3/(LsLy)
Tsd, isq d-q axes stator currents in the synchronous frame;
Ords Prq d-q axes rotor fluxes in the synchronous frame;
Vsds Vsq d-q axes stator voltage in the synchronous frame;
Lg, L., L, stator, rotor, and mutual inductances;
Rs, R, stator and rotor resistances;
We, Wy electrical and rotor angular frequency;
Wgl slip frequency (we — wy);

T, rotor time constant (L,/R;).
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The rotor-flux-oriented control is achieved by letting ¢, = 0 and ¢,4 = ¢, = constant. Then,

the current dynamic Eq. (2.1) yield

d . ) .
oLy(Zrisa) = —Rsisi + weo Lsisg + Vsa (2.2)
d . . . welL
ULS(%qu) = _Rslsq — weoLgigg — %Qbrd + Vsq (2.3)
T

The feed forward decoupling control method is to choose inverter output voltages such that

Vsd = (Kp + ?Z)(st - st) - Ustequ (24)
* K; . . . 1—0)L
Usq = (Kp + f)(liq —isq) + 0 Lsweisq + (L#We@d (2.5)
m
olLg

where the proportional and integral gains are set to K, = and K; = % respectively, as for

Ty
the stator currents to have a first order delay response of their references with time constant
of T; . Then, to minimize loop feedback systems, the currents feedback used for decoupling

system including the back EMF compensation can be estimated using

. .
ledl = 1+ TdSZSd (26)
" .
/qul = T]_‘dslsq (27)
. .
lod2 = T 5 el (2.8)
IS
and then
RT i:ql
We = Wy + —— (2.9)
LT st2
bra = Limitg (2.10)

The block diagram of the currents control with decoupling system is shown in Fig. 2.1. This
configuration will be used in this chapter as a standard currents control system, so that only
the field-weakening scheme of the proposed strategy will be different compared with one of the

previous strategy.
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Figure 2.1: Currents control with decoupling system.

2.3 Voltage Saturation Technique

The SPWM signal is constructed by comparing a high-frequency triangular carrier with three
reference signals. It can be easily implemented as an analog or a digital solution; hence it makes
high flexibility in practical use.

With index modulation m = 1, SPWM provides voltage utility about 78% of the value that
would be reached by square-wave (six step) operation. The dc-bus utilization can be increased
through the use of zero-sequence harmonics addition [7], square wave addition [9], or reshaping
the modulation command [11]. However, it is preferred to use the saturation technique instead,
due to its simplicity, especially when it implemented with the field-weakening scheme. The
saturation technique can be realized quite simple by limiting the phase voltage reference to the

value of Vg‘ as shown in Fig. 2.2.

In this way, the need to over-modulate in the pulse-dropping region is eliminated. Fig. 2.2
shows the half period SPWM construction of the saturated and unsaturated voltage reference.
For the saturated voltage reference case, the amplitude is enlarged and then is limited to not
exceed the triangle carrier amplitude. As a result the effective output voltage is boosted.

As well as the current control system described in previous section, the saturation technique
illustrated in Fig. 2.2 will be used in this chapter as a standard of voltage limiter. In the previous
field-weakening scheme that will be described later, the voltage limiter is still necessary to

anticipate an overshoot phenomenon of the voltage controller in transient.
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Figure 2.2: Sinusoidal pulse width modulation.

2.4 Field-Weakening Scheme

2.4.1 Constraints in Operating Conditions

Induction motor can operate in one of three operating modes: torque constant mode, power
constant mode, and voltage constant mode. Below the rated speed (torque constant mode)
the motor operation is current-limited. In power constant mode the motor operation is both
current-limited and voltage-limited as the back-EMF approaches the maximum inverter voltage
while the current is still limited. In voltage constant mode the speed becomes so high that the
current cannot exceed the maximum inverter current anymore.

Current and voltage limitations are available in inverter by means of over-current and over-
voltage protections. However, we still have to limit the motor operation below those over current
and over voltage values. Otherwise the protection system will shut down the inverter. Thus it
is useful to limit the motor operation in the controller system.

The machine current operation is limited to a maximum stator current igm,ax that is the

minimum of inverter maximum current and motor maximum current. This current limitation

*

sq » which the priority is given to d-axis current

is provided by limiting g-axis current reference &

reference ¥, , and follows the equation expressed in Eq. (2.11). The field weakening technique
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determines the d-axis current reference 77, which is limited to its rated value.

Qg+ i < i (2.11)

Smax

The voltage applied to the motor is limited to vsmax that depends on the available dc-bus
voltage V. and pulse-width modulation (PWM) strategy. The motor voltage input follows the

following equation.

*2 *2 2
Usd + Usq < Vs max

(2.12)

The steady-state voltage equations of the induction motor in the synchronously rotating refer-

ence frame are given by

Vgq = Rsigy — weo Lsiy, (2.13)
Vg = Risigy + welisiyy (2.14)
Alsq Vg
Increasing Increasing

speed speed

i.yd vsd
AN Current-limit N Voltage-limit
circle circle
Voltage-limit Current-limit
ellipse - ellipse —
(a) (b)

Figure 2.3: Voltage and current limits: (a) Current boundary (b) Voltage boundary.

In high-speed operation, the stator resistance effect is negligible in Eqs. (2.13) and (2.14).
Then the current-limit constraint of Eq. (2.11) and the voltage-limit constraint of Eq. (2.12)

can be rewritten as the following equations.

(i%gweLs)? + (it weoLs)* < v? (2.15)

sq S max
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U* 2 ,U* 2
sd sq < -2 21
<weO_Ls) + <weLS> —Zsmax ( 6)

Egs. (2.11) and (2.12) mean the circle equations, while Egs. (2.15) and (2.16) mean the ellipse
equations. Fig. 2.3 shows the current-limit and voltage-limit boundaries in the ge-de current

and voltage planes.

2.4.2 Maximum Torque Capability

The maximum torque provided by the field-weakening scheme based on voltage control strategy,
which considering the current limit and voltage limit, was described clearly by Kim and Sul [3].
The whole field-weakening region can be divided into two sub regions: region I (wpgse < we < wi)
and region II (we > w1). In the field-weakening region I, the maximum output torque is obtained
by the locus of the optimal voltage vector which moves rightward along the boundary of the
voltage-limit circle as the operating frequency increases (from point A to point B as shown in
Fig. 2.4). In the field-weakening region II, the maximum output torque is obtained only by the

voltage-limit constraint as

|72
vy =il = =7 (2.17)

V2

regardless of the operating frequency (at point B; not point C as shown in Fig. 2.4).

|
Unsaturated
Voltage-limit

g-axis voltage

|d-axis voltage|

Figure 2.4: Voltage vector for producing maximum torque.
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Now, if the voltage saturation strategy can be implemented with the field-weakening scheme,
the voltage-limit boundary is enlarged as shown in Fig. 2.4. As the results, the base frequency
we becomes higher and the field-weakening area is widened. Without voltage saturation, the
field-weakening operation starts at point A. Since the voltage limit Vi .« become larger when
the saturation strategy is used, the field-weakening operation starts at point Al with higher v},
and vy, compared the ones at point A. The higher voltage references the higher base frequency,
according to Eqs. (2.13) and (2.14). Then, more voltage available more power will available.
Hence, for the same required torque the higher maximum frequency can be reached, since the

mechanical power is
Prech = Tewr (218)

It means the field-weakening area is widened. In general, the torque capability is improved by
maximizing the dc-bus voltage utilization. For instance, as shown in Fig. 2.4, a higher torque
can be achieved at point B1 with implementing the saturation strategy rather than at point B

without implementing the saturation strategy.

2.4.3 The Previous Field-Weakening Scheme

The voltage control strategy for providing maximum torque in the field weakening operation
is implemented using two Proportional-Integral (PI) controllers [3] as shown in Fig. 2.5. One
(PI_1) controls the field-component current 77, to adjust the machine input voltage not exceeding
the maximum voltage Vimax and following Eq. (2.12). Since the SPWM is used, Vimax is

% (m Vé“) or v} is set to % (mvgc>, where m is index modulation and \/g is the vector

*%2

transformation factor. PI_1 controller input is V2 .. — (vi% + v;‘f) to avoid the square-root

Smax
computation. The other (PI_2) controls the maximum value Imax of the torque-component
current iy, to adjust v}, so that follows the current limit of Eq. (2.17), when the field-weakening
region II is entered. PI_2 controller input is %meax —v?*2 to avoid the square-root computation

as in PI_1 controller. Besides ¢}, is fed to the d-axis current controller, it is also used to

perform the current limiter as in Eq. (2.11). Then the limit value of Limiter2 is the minimum

of /12 ax — 132 and the P12 output.

Before the three-phase voltage references are fed to the SPWM inverter, each phase voltage
reference is limited to % to guarantee the voltage reference amplitude doesn’t exceed the
triangle carrier amplitude. Although the voltage has been limited by PI_1, the voltage limiter

(Limiter3) is still necessary to anticipate an overshoot phenomenon of the voltage controller in
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transient. The limited voltage references are then transformed to the synchronous frame again

and become the voltages feedback for the voltage controllers (PI_1 and PI1_2).
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Figure 2.5: Field-weakening scheme based on voltage control strategy (previous scheme).

Voltage limitation will deteriorate the currents control performance since it causes an inte-
grator windup phenomenon. To prevent integrator windup the ”realizable references” [14] or
"back-calculation” [15] method can be used. However, it is not needed in our proposed volt-
age limitation, since: first, the feedback voltages used by the field-weakening scheme (voltage
controller) are the saturated voltage references and second, the phase voltage references are
guaranteed not to exceed the triangle carrier amplitude. Therefore, the PWM outputs always
linear with the input of the saturated voltage references.

The anti-windup strategy is applied in PI_1 since 7, is limited to its rated value by Limiterl
(torque constant mode operation). However, a simpler way to prevent integrator windup can
also be used instead. Here, when the control output reaches its limitation value, the integrator
initial values of the controller for next iteration are reset to the initial values from previous
iteration. This anti-windup strategy should also be applied in the speed controller if the torque

reference T is provided by a speed controller, since the torque reference is limited by Limiter2.
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2.4.4 The Proposed Field-Weakening Scheme

The problem that we are faced now, is how to combine the voltage control strategy [3] with
the voltage saturation strategy as simple as possible. In the previous field-weakening scheme,
the voltage saturation condition is difficult to be performed, since PI_1 controls the voltage
to follow the voltage reference (v; = Vimax). The saturation condition occurs only when the
voltage overshoot occurs. Although it is possible to enlarge the voltage reference (v} > Vimax),
it is better if the voltage is only enlarged when a higher or maximum torque is required, not
permanently. In another word, the available voltage should be varied proportional with the
required torque. As an advantage, the voltage saturation condition only occurs when a high or
maximum torque is required.

Field weakening control reduces the d-axis current reference in order to keep the voltage
not exceed its maximum value. If it is seen in the opposite direction, the voltage will increase
when the flux reference increase. Now if we assume a positive disturbance is added to the flux-
producing current reference, the voltage controller (PI_1 in Fig. 2.5) will compensate it so that
the voltage will be still kept constant and a saturated condition will be not achieved. In this
case the flux will not increase and neither the torque. Then to achieve a saturated condition, a
perfect controller like a PI controller should not be used. For this purpose a P (proportional)
controller is used for the voltage controller instead of PI controller. As a result, a small steady
state voltage error will occur and if a positive disturbance is added to the flux reference the
voltage will be slightly increase proportional to the disturbance. If the voltage level greater
than the limiter voltage, it will be saturated. Thus the effective voltage as seen by the motor
is boosted.

In the steady state of field weakening area, the torque equation for the power-invariant form

can be expressed as

L2
Te = NpL—mZ:d'l:q = k.'U:d.’U:q (219)
T

where k = —N,L2, /(0 L?L,w?) and N, is pole pairs number. As seen in Eq. (2.19), the torque

is proportional to the product of ¢7; and i;,. It means the torque also depends on the flux.

q

The higher flux is produced the higher torque is produced. Since i%, is the torque producing

q
current reference, the g-axis current i, will corresponds with the produced torque. Then if the
isq is added to i}, as disturbance, it will affect the flux, and then it will also affect the torque
as a positive feedback signal. Since in the rotor flux oriented control the d-axis current i, is

always positive value, the disturbance should be always positive value. It means the magnitude
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of g-axis current ¢4, only should be used as a disturbance. Fig. 2.6 shows block diagram of the

proposed field-weakening scheme based on saturated voltage control strategy.
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Figure 2.6: Field-weakening scheme based on saturated voltage control strategy (proposed

scheme).

As seen in Fig. 2.6, a first order low-pass filter (LPF) with a cut-off frequency of 100 Hz
filters the stator voltages firstly to improve the voltage control performance, since a P controller

is used. The flux reference of the proposed strategy is expressed as

Z:d = KUP(U:Q - Uglt) =+ Sign'Kdistisq (220)
where: sign = 1 if i5q > 0 and sign = —1 if i;q < 0. K, represents the proportional gain, ’uglt

is the filtered signal of the sum of squared d-axis and qg-axis voltages, v} is set to Vgmax, and
K ;s is the disturbance gain.
Since the available voltage of the proposed field-weakening scheme is varied, the reference

value for PI_2 should be modified as shown in Fig. 2.6. Here, the maximum of Vipnax and

*%2 *%2 3
\/ Ve + vig? is chosen.
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2.5 Experimental Results

2.5.1 Experimental setup

To validate the proposed scheme, experiments were carried out, and to verify it has an im-
proved torque capability over the previous scheme, the comparison experimental results are
also presented. Photograph of the experimental system is shown in Fig. 2.7. The test motor
is a three-phase, four-poles, 750 W, 1410 rpm IM with the specifications listed in Table 2.1.
All algorithms are implemented by the embedded ’C’ code in a floating point DSP (Texas In-
struments TMS320C32, operating speed 50MHz). An incremental encoder with 4096 ppr is
mounted on the shaft for detecting the rotor position. The circle time (full control time) of
whole experimental system is 0.1 milliseconds (sampling period is 0.1 milliseconds). The rotor

speed and the speed control are sampled every 1 millisecond using an interrupt method.

Table 2.1: Induction motor parameters

750 W, 200 V, 4 poles, 1410 rpm
R 2.76 Q) R, 2.9Q Total inertia 0.0586 kg.m?
Ls2349mH L, 2349 mH L, 227.9 mH

1
I
LTI

(L1 e TTTTIN

Magnetic

A\ Torque meter - e = brake -
lnd*mion motor 3

Figure 2.7: Induction motor laboratory experimental system.
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2.5.2 Maximum torque test

The block diagram of experimental system is shown in Fig. 2.8. The motor is run from a
standstill condition with the torque reference is set to its maximum (rated torque) for 15
seconds and then set to zero torque (see Fig. 2.9). This will forces the field-weakening scheme

to provide a maximum torque in the whole motor operation.

V. —> Field-weakening scheme | s | SPWM
+ Inverter

* Current control with
decoupling system

Figure 2.8: Block diagram of the experimental system.

0 time [sec] 15

Figure 2.9: Torque reference for maximum torque test.

Figs. 2.10 and 2.11 show the experimental results of the maximum torque test operation of
induction motor using the previous and proposed field-weakening scheme respectively. The base
frequencies achieved by the previous and the proposed schemes are 1274.4 rpm and 1420.9 rpm,
respectively. The maximum frequencies achieved by the previous and the proposed schemes are
6679.7 rpm and 7133.8 rpm. These results confirm that a higher base frequency and a widened
field-weakening area are produced by the proposed scheme. This can be explained by comparing
Fig. 2.10(d) with Fig. 2.11(d). The output voltages produced by the proposed scheme are larger
than by the previous scheme. Fig. 2.10(e) and 2.11(e) show that the voltage locus of maximum
torque moves along the voltage limit circle in region I and kept at the point of vsq = |vsq| when

the region II is entered.
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2.5.3 Noise Effect

In the proposed field-weakening scheme, the saturation condition is stimulated by disturbing
the flux current reference with the g-axis current i,,. The performance of the flux current will
be deteriorated by the current noise in i5,. The noise effect in the field-weakening operation
using the proposed scheme can be seen in Fig. 2.11(b) compared to Fig. 2.10(b). The ripple
of i, by the proposed scheme was large. Although it did not really affect the d-axis current
response (ripple of isq by proposed scheme was relatively same with one of isq by previous
scheme), the same condition will be very difficult to be achieved if the motor power is large.
Large motors have large leakage factor and currents. This situation affects noise conditions of
the motor caused by the structure of the motor or by the electromagnetic interference (EMI).
Large noise will cause the high performance of field-weakening operation very difficult to be

achieved.
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Figure 2.12: Noise effect investigating results when the voltage saturation condition is stimulated

by g,

To overcome the noise effect, the torque-producing current reference iy, can be used to

substitute i, as disturbance in stimulating a voltage saturation condition. Fig. 2.12 shows the
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investigation results of the noise effect when the voltage saturation condition is stimulated by
ise- As it is supposed, the ripple of if; can be eliminated in field-weakening region I, comparing
i*, of Fig. 2.12(a) with of Fig. 2.11(b). It is also less than the ripple of ¥, by previous scheme in
Fig. 2.10(b). However, when region II is entered the ripple of ¥, in Fig. 2.12(a) becomes worse.
This is because of the instability of the PI_2 controller. The control gains were not suitable
anymore. It was found that the PI_2 control gain selection is critical, not only for the proposed
scheme, but for the previous scheme too. For that reason we propose a new control strategy

for the operation in region II.

¥ 12 _se®2
lyg ——> smaxLds

;l —\PL ST ML
+ +
. - +
[Va > 1 n"

qs

Conditions: 1
L

If vl >y, {do integration}
If vl <0.8v,| ({reset integrator}
else {no action, hold the integration value}

Figure 2.13: New control strategy for region II.

Fig. 2.13 shows the block diagram of the new control strategy for field-weakening operation

in region II. The controller only uses an integrator with conditions. The input of integrator is

|vg,| — |5, and the output is used to adjust the maximum current, so that the voltages are
kept to be |vg,| = |v},| when the field-weakening operation enters to region II. The integrator

gain of 0.5 is selected. The selection of integrator gain is not critical. It can be used as it
in all configurations in this chapter, including the configuration with the iy, disturbance for
stimulating the voltage saturation condition. The factor of 0.8 in the conditions of integrator
is to provide a hysteresis band.

Fig. 2.14 shows the implementation results of the new control strategy for the field-weakening
operation in region II. It is seen that the ripple of i{; and ¢;, occur when the region II is entered
are eliminated by using the new control (comparing Fig. 2.14 with Fig. 2.12). These results
are very important according to the application of the proposed field-weakening scheme with a

large power motor.
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Figure 2.14: Experimental results of the new control strategy application for region II.

2.5.4 Behavior in Torque Requirement

As mentioned before, in the proposed field-weakening scheme, the voltage saturation condition
only occurs when a higher or maximum torque is required. This statement is proven by looking
to the locus of stationary voltages when the torque changed from maximum to zero torque
condition as shown in Fig. 2.15. In the conventional scheme, the voltage saturation condition
is not achieved. Therefore, the voltage locus always tracks the circle of voltage limit as shown
in Fig. 2.15(a). When the proposed scheme is applied, in the maximum torque condition
the voltage limit boundary becomes a hexagon (in case the disturbance gain Kg;s = 1) and
automatically returns to a circle when the maximum torque is not required anymore as shown
in Fig. 2.15(b). The advantage of this situation, besides the torque capability is improved;
the harmonic losses can be reduced in the high-speed operation when the maximum torque is
not required (see the small ripple of experimental results in period time of 15 ~ 18 seconds of
Fig. 2.14). Fig. 2.15(c) shows the voltage locus in case the disturbance gain Ky = 2. The
voltage limit boundary becomes a 12-gon when the maximum torque is required and returns to

a circle when the maximum torque is not required.
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Figure 2.15: Locus of stationary voltages vy, versus v,3 when T, changed from maximum torque
to zero torque (Time: 13 Sec ~ 16 Sec).



2.5. Experimental Results

2.5.5 Speed Control Operation

29

Finally, the proposed scheme is tested with the speed control implementation. Fig. 2.16 shows

the speed, torque, and flux comparisons of the speed control operation. The speed reference is

changed from 500 rpm to 6500 rpm. It is proven that the proposed scheme provides a higher

torque and flux as seen in Figs. 2.16(b) and 2.16(c) respectively. As a result, a higher speed

response is achieved as shown in Fig. 2.16(a).
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Figure 2.16: Speed, torque, and flux comparisons;  1: Conventional scheme
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3: Proposed scheme (K g5t = 2).
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2.6 Performance Analysis

Performance analysis is carried out to give a recommendation for gain parameters selection of
controller used in the field-weakening scheme. The classic Bode diagram method is used for
the analysis purpose. Since Bode diagram method can only be applied to a linear system, the

analysis model should be linearized around the equilibrium points.

2.6.1 Analysis model

As seen in Figs. 2.5 and 2.6, the overall configuration of the field-weakening scheme is very
complex. It consists too many non-linear factors. Therefore, to reduce the burden of complexity

some assumptions are established as follows:

1. The voltage source is a linear voltage source. So that the non-linear inverter is removed

from the analysis model.

2. The current and voltage limitations are not applied. Since limiters are removed from the
analysis model, the system gain is increased, which means the stability problem becomes

worse than the system with limiters.

3. The control system for the field-weakening on region II is not included to the analysis
model for simplicity purpose. Gain parameters selection of the new control for the field-

weakening on region II (Fig. 2.13) is not critical.

With using the above assumptions, the analysis models for the previous and proposed field-
weakening schemes are reconfigured as shown in Fig. 2.17. The analysis model of the proposed
field-weakening scheme is configured into two configurations depends upon the disturbance
which added to the d-axis current reference i}, , i.e. is, and i3, as shown Figs. 2.17(b) and 2.17(c)
respectively. Then the linearized state equations for each configuration are derived using the
Taylor series expansion method. These linearized state equations are expressed in appendix.
The SISO (single input single output) systems those will be analyzed are the voltage control
system and the g-axis current control system, which input and output of the systems are

expressed in Egs. (2.21) and (2.22) as indicated in Fig. 2.17.
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output v2

pepra 752 (2.21)
U v}

output _ is_q (2.22)

input i}, '

The equilibrium points are determined by equating the derivation form of the non-linearized
state equations of the system model to zero (the non-linearized state equations of the system
model can be found in appendix). However, since it is difficult to make solution of these
equations due to their complexity, some equilibrium points are taken from the experimental
results as listed in Table 2.2. The experimental setup used here is the field-weakening system
with implementing the speed control system. Data is collected in the steady-state condition,
where the speed reference is set to 4000 rpm (418.88 rad/s). These experimental equilibrium

points are then used to calculate the other equilibrium points as listed in Table 2.3.

Table 2.2: Equilibrium points taken from experimental results.

Equilibrium points | Previous | Proposed (isq) | Proposed (i,)
wro[rad/s| 418.88 418.92 418.89
i g0lA] 0.548 0.712 0.673
iq0[A] 1.127 1.141 1.138

2.6.2 Gain parameters setup

As mentioned in section 2.2, the currents control system is same for all system configurations.

The proportional and integral gains of current controllers are set to K, = "jéds and K; = I;—;

respectively, as for the stator currents to have a first order delay response of their references

with time constant of T,;. Therefore, in the analysis system these gain parameters are not

changed; only the gain parameters of the voltage controller are varied. As seen in Fig. 2.17, the
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Table 2.3: The other equilibrium points.
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previous field-weakening scheme has two gain parameters of PI_1 controller to be varied, i.e.
K., and K,;, and the proposed field-weakening scheme has three parameters to be varied, i.e.
K,y of the P controller, T'tj; of the LPF, and K ;4 of the disturbance gain. The gain parameters
setting for performance analysis is listed in Table 2.4. The Fixed values in Table 2.4 means the
initial parameter setting. When one of parameter is varied, the fixed value of this parameter is

replaced by the corresponding varied values in Table 2.4.

Table 2.4: Gain parameters setting for performance analysis purpose.

Field-weakening Fixed values Varied values
scheme K.y Kyi | Tre | Kaist | Kop Ky | Tre | Kaist
1x10~° | 0.01
5x107° | 0.025
Previous 1x10~% | 0.05 — — 1x10~* | 0.05 — —
5x10~* | 0.075
1x1073 | 0.1
1x10~4 0.001 | 0.0
5x10~4 0.005 | 0.5
Proposed 1x10~3 — 1 0.01 1.0 | 1x1073 — 0.01 1.0
5x1073 0.05 1.5
1x1072 0.1 2.0

2.6.3 Analysis results

Stability of the system can be determined by observing the gain margin (GM) and phase margin
(PM) in the bode diagram of the open-loop system. If the gain margin and phase margin are
positive the system is stable, and if they are negative the system is unstable. To achieve a
satisfied performance, the phase margin should be in between 30° and 60°, and the gain margin
should be larger than 6 dB [16]. With these values, the control system has a guarantee of its
stability, even the open-loop gain and the time constant are changed until a certain value. The
requirement of open-loop gain margin that should be in between 30° and 60°, corresponds with
slope of the open-loop gain at gain crossover frequency that should be less than -40 dB/dekade.
Practically, the slope of -20 dB/dekade is needed to maintain the system stability [16]. If the
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slope is -40 dB/dekade, the system can be stable or unstable. If the slope is -60 dB/dekade or
more then the system is unstable.

The close-loop and open-loop frequency responses and also the close-loop step responses
of all performance analysis configurations are shown in Figs. 2.18~2.25. The observation of
analysis is concentrated to the open-loop frequency response of the voltage control system

2

Gol = —%, which is shown in the sub-figure (c) of Figs. 2.18~2.25. The close-loop frequency

*
Ve

and step responses are observed to support or confirm the analysis of the open-loop frequency
response. The frequency and step responses of the g-axis current control system are observed
to see the coupling effect of the voltage control system.

First, we look to the performance of the previous field-weakening scheme when K, is varied
(see Fig. 2.18(c)). The slopes of open-loop gain at gain crossover frequency for all cases of K,
values are less than -40 dB/dekade. Gain margin for all cases of K, values are larger than 6 dB.
Then if we observe the phase margin, the cases of K, = 5x10~° (PM~= 40°) and K,, = 1x10~4
(PM~ 55°) are acceptable for good performance. These are confirmed when we look to the step
response in Fig. 2.18(e). The coupling effect of the voltage control system to the g-axis current
system appears as shown in Fig. 2.18(d). However, it is still acceptable since the g-axis control
system is still stable, and the effect to its close-loop system is small.

Figure 2.19 shows the performance of the previous field-weakening scheme when K,; is
varied. Almost for all cases (except for K,; = 0.01), the performances are acceptable (GM > 6
dB, PM~= 55°). The selection of K,; is not critical (K,; = 0.05 ~ 0.1). And also the coupling
effect of voltage control system to the g-axis current control system is negligible.

The purpose of the proposed field-weakening is to increase the voltage that is fed to the
motor by combining the voltage saturation strategy. The saturation condition is stimulated
by adding the g-axis current to the d-axis current reference, so that a higher stator voltage
can be produced that is proportional to the required torque. If the saturation strategy (the
voltage limiter) is not implemented as in the analysis model, the voltage control response of the
proposed field-weakening scheme should has a higher over-shoot compare to one of the previous
field-weakening scheme. However, the stability should still can be guaranteed.

Figure 2.20 shows the performance of the proposed field-weakening scheme with is, as dis-
turbance when K,, is varied. As it is supposed, a large over-shoot occurs as seen in the
step response of Fig. 2.20(e). The voltages are oscillated for the cases of K,), = 5x1073 and
Ky = 1x1072, because the phase margin are too small (PM ~ 30° and 20° respectively as

shown in Fig. 2.20(c)). For all cases the system is stable. The good performance is achieved for
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the cases of Ky, = 5x107* (GM=~ 35 dB and PM= 60°) and K,, = 1x10~3 (GM=~ 30 dB and
PM~ 55°). If we see to the close-loop response (Fig. 2.20(a)), around the resonant frequency
the system is leading, so that its stability is better than the previous scheme has. And since
the bandwidth frequency is wider, the rise time response of the proposed scheme is faster. The
coupling effect of the voltage control system to the g-axis current control system can also be
negligible here.

Figure 2.21 shows the performance of the proposed field-weakening scheme with iy, as dis-
turbance when T’ is varied. The good performance is achieved for the cases of Ty, = 0.005
(GM~ 25 dB and PM~ 55°) and T, = 0.01 (GM~ 30 dB and PM~ 55°). If Ty is too large,
the over-shoot becomes larger and the convergent time becomes longer, which could lead to an
unstable condition as seen in the step response of Fig. 2.21(e). This is because the gain margin
is too large while the phase margin is relatively small; for case of T’y = 0.05, GM~ 45 dB and
PM~ 40° and for T = 0.1, GM~ 50 dB and PM~ 30°.

Figure 2.22 shows the performance of the proposed field-weakening scheme with i, as dis-
turbance when Ky, is varied. The variation on Kg;s doesn’t affect the performance of the
system. This means the proposed field-weakening scheme is robust against the K ;¢ variation.
K 4ist has an effect to torque producing as shown in Fig. 2.16. The larger K45 the higher torque
is produced.

Figure 2.23 shows the performance of the proposed field-weakening scheme with i3, as distur-
bance when K, is varied. As seen in Fig. 2.23(c), the system is stable for all cases of K,,, since
the phase response never reaches —180°. Here, the gain margin can’t be determined, therefore,
the satisfied performance is observed by looking to the close-loop step response of Fig. 2.23(e).
The good performance is achieved for the cases of K, = 5x10~%4 and Ky = 1x10~3, which are
same with the case of the proposed field-weakening scheme with ¢4, as disturbance. The damp-
ing factor of the proposed field-weakening scheme with i3, as disturbance is better than the one
of the proposed field-weakening scheme with iy, as disturbance (see Fig. 2.23(e) compared with
Fig. 2.20(e)).

Figure 2.24 shows the performance of the proposed field-weakening scheme with i, as dis-
turbance when T} is varied. As well as the proposed field-weakening scheme with i, as
disturbance, here the good performance is achieved for the cases of T’y = 0.005 and T's;; = 0.01
as shown in Fig. 2.24(e).

Figure 2.25 shows the performance of the proposed field-weakening scheme with i, as dis-

turbance when Ky is varied. Although the robustness against Ky variation of proposed
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field-weakening scheme with i3, as disturbance isn’t as good as the one with is, as disturbance,
the system is stable for all cases of Kg;st. The advantage of the proposed scheme with 5, as
disturbance over the one with with 74, as disturbance is that the noise effect from the measured
g-axis current iz, can be avoided as proven by experimental results in Subsection 2.5.3.
Finally, Fig. 2.26 shows the comparison performance of all field-weakening schemes when
the speed is varied from 100 rad/s until 500 rad/s where the gain parameters are set to the
fixed values in Table 2.4. In general with these gain parameters all systems are stable. All field
weakening systems have no stability problem with very high speed application, since the gain
margin and phase margin are large enough. Especially, for the proposed field-weakening scheme
with 75, as disturbance; theoretically the system is always stable. The rise time response of the

proposed field-weakening schemes are faster compared with the previous one.
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Figure 2.18: Performance of the previous filed-weakening scheme when K,,, is varied.
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Figure 2.19: Performance of the previous filed-weakening scheme when K,; is varied.
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Figure 2.20: Performance of the proposed filed-weakening scheme when K, is varied (saturation

condition is stimulated by i, as disturbance).




2.6. Performance Analysis 41

Bode Diagram Bode Diagram
30 : . . 20 . : :
fon) o) 0
% 20 &l f@
] £ 27 ]
2 wp 1 E
= E a0} 4
g, ] 2
= = 60
-10 -80
9% r ‘ ; 0 .
45 &
2 o 1 2 — Tht=01
= — Tht=0.1 =2 — Tht=0.05
3 T — Tht=005 g Pl | — mne=0.01 1
L — Tfit=0.01 ] — Tfit = 0.005
£ - — Tfit=0.005 = — Tflt = 0.001
_13sl — Thit=0.001 .
_180L ; ; ; ; ; ; i i _goL A i i ; ; ; ; !
10" 107 107 10" 10 10 100 10 1w 100 10° 0t 107 10?7 1w 10 10 10 100 10t 107 10°
Frequency (rad/sec) Frequency (rad/sec)
vz isq
(a) Frequency response of close-loop system of Gel = —%  (b) Frequency response of close-loop system of Gcl = 32
c sq
Bode Diagram Bode Diagram
100 ) ‘ : — TAt=01 | 150 : ‘ : — TAt=01 |
— Tfit=0.05 — Tht=0.05
— Tht=0.01 — Tht=0.01
o 50 — Tt = 0.005 || o 100 — Tt = 0.005 ||
< — Tfit=0.001 3 — Thit = 0.001
-5} 0 -5} 50
=] =}
2 2
‘2 501 E= ok
o0 o0
< <
= -1001 = 50
-150 -100
0 0 r T T r T T v T T
45 gl
e 90 4 o a5 k|
<= =
g 135 4 2
£ . )
£ -180 £ -
-225 4
_270 _13sk ; ; ; i A ; i i i
10" 100 107 10" 10 10 100 10 10 10 10° 10t 100 107 1w 1w 10 10 10 10t 100 10°
Frequency (rad/sec) Frequency (rad/sec)
v§ isq
(c) Frequency response of open-loop system of Gol = —%  (d) Frequency response of open-loop system of Gol = =
c sq
Step Response Step Response
T p T p T T - Tﬂt:o’l n T T T T p T p T T T T
— TAt=0.05
— At =0.01
— TAt =0.005 ||
— Tt =0.001 s T
0.8 4
Qo il ()
= =1
2 2
= g, 0.6 1
o [=9
g g
< <
0.4 1
1+
— Tat=0.1
0.2 — TAt=0.05
-2f : : 4 — Tht=0.01
— Tt = 0.005
— Tt =0.001
3 ; ; ; ; ; ; ; ; ; 0 ; ; ; ; ; ; ; : :
0 0005 001 0015 002 0025 003 0035 004 0045 005 0 0005 001 0015 002 0025 003 0035 004 0045 005
Time (sec) Time (sec)
vg isq
(e) Step response of close-loop system of Gcl = —% (f) Step response of close-loop system of Gl = =2
c sq

Figure 2.21: Performance of the proposed filed-weakening scheme when T is varied (saturation

condition is stimulated by i, as disturbance).
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Figure 2.22: Performance of the proposed filed-weakening scheme when Ky is varied (satura-

tion condition is stimulated by i, as disturbance).
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Figure 2.23: Performance of the proposed filed-weakening scheme when K, is varied (saturation

condition is stimulated by i3, as disturbance).
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Figure 2.24: Performance of the proposed filed-weakening scheme when T is varied (saturation

condition is stimulated by i3, as disturbance).
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Figure 2.25: Performance of the proposed filed-weakening scheme when K 44 is varied (satura-

tion condition is stimulated by i}, as disturbance).




CHAPTER 2. FIELD-WEAKENING SCHEME IN COMBINE...

Nichols Chart Step Response
200 ! ! ! ! ! — or=500rad/s | 5 : : : : : : : : :
— or =400 rad/s
— or =300 rad/s
— or =200 rad/s 4r ~
150 — or =100 rad/s ||
L i
=
2
= 100~ 4 ° 2F 4
; ———
a = q) =
3 E
2 so 1 Z
g dB 0 B B H
Q
j=9
S
o - — or =500 radss ||
— or =400 rad/s
b — or =300 radss ||
0 as — or =200 rad/s
—s0- S — or =100 rad/s
-360 =315 =270 =225 -180 -135 -90 —45 ) _30 0.005  0.01 0.015  0.02 0.025 0.03 0.035 0.04 0.045 0.05
Open—Loop Phase (deg) Time (sec)
(a) Gain-phase response of open-loop system of (b) Step response of close-loop system of Gel =
2 2
v . v? .
Gol = % (conventional scheme). =% (conventional scheme).
c c
Nichols Chart Step Response
100 T T T T T T T 5 T T T T T T T T T
8o — or =500 rad/s 1
— or = 400 rad/s
6o — or =300 radls : ‘ 1
ok — or =200 rad/s
EE — or = 100 rad/s
2 ot
S o |
o =
§ 20 g
; <
5 -0
j=%
© ot . 1
- — or =500 rad/s
-80 — or =400 rad/s
-2 — or =300 rad/s ||
-100 - — or =200 rad/s
o i — or=100rad/s
_lzgﬂ) =315 =270 =225 -180 -135 -90 —45 0 _30 0.005  0.01 0.015  0.02 0.025 0.03 0.035 0.04 0.045 0.05
Open-Loop Phase (deg) Time (sec)
(c) Gain-phase response of open-loop system of (d) Step response of close-loop system of Gel =
2 2
Gol = ;52 (proposed scheme with is4 as distur- vvfz proposed scheme with isq as disturbance).
c c
bance).
Nichols Chart Step Response
100 T T T T T T T 5 T T T T T T T T T
—— or =500 rad/s 4r 4
80 — or =400 rad/s 1
— or = 300 rad/s
_ — or =200 rad/s 3 1
8 el — or = 100 rad/s 1
E o 2 )
g !
S d0- 1 = 1
S S G ———
; <
= 0. ok 4
2 20F ]
S
iy -1 — or =500 rad/s ||
0+ A ~ — or =400 rad/s
. e — or=300radss ||
~12-a8 — or =200 rad/s
i i i It 0. dB i i i i i i i i i i — or=100radls
_—‘1,80 -135 -90 —-45 0 45 920 135 180 _30 0.005  0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Open-Loop Phase (deg) Time (sec)
(e) Gain-phase response of open-loop system of (f) Step response of close-loop system of Gcl =
2 2
v< . . . ve . . .
Gol = —% (proposed scheme with 47, as distur- —% (proposed scheme with i3, as disturbance).
c c

bance).

Figure 2.26: Voltage control performance comparison when w, is varied.
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2.7 Summary

A novel and simple field-weakening scheme was proposed, which combining the voltage sat-
uration strategy in order to improve the output power in the high-speed motor operation.
Disturbing the flux-producing current reference with the torque-producing current reference
while the stator voltage is limited or saturated, higher voltage availability can be provided,
since the dc-bus voltage utilization is maximized. As a result, a higher torque is provided and
the flux-weakening region is widened. Experimental results confirm the validity of the field-
weakening scheme based on saturated voltage strategy. The voltage saturation condition only
occurs when a higher or maximum torque is required. The maximum torque is produced by
increasing the flux-producing current as much as possible.

The performance comparison analysis was presented to show the proposed field-weakening
scheme has no stability problem due to a disturbance addition in order to stimulate the sat-
uration condition. From the performance analysis results, the gain parameters for a satisfied

performance of all field-weakening configurations are selected as listed in Table 2.5.

Table 2.5: Selected gain parameters for the satisfied performance.

Field-weakening Kyp K, T Kyist
scheme

Previous 5x107° ~ 1x10~* | 0.05 ~ 0.1 — —
Proposed, i, 5x1074 ~ 1x1073 — 0.005 ~ 0.01 | 1.0 ~ 2.0
as disturbance

Proposed, i3, 5x107% ~ 1x1073 — 0.005 ~ 0.01 | 1.0 ~ 2.0
as disturbance

As the conclusion, the proposed scheme is verified to provide an improved torque capability
over the previous field-weakening scheme using a voltage control strategy. Since the output
power in the high speed motor operation was improved, a higher kinetic energy can be recover
by the regenerative brake strategy.

The implementation of another method in maximizing the dc-bus utility for improving
the torque capability in the field-weakening operation is still interesting to be investigated.

Furthermore, its implementation with the speed sensorless system is still open to be studied.
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Chapter 3

Motor restarting capability of speed
sensorless drive

In this chapter, a preliminary investigation of the restarting capability of the speed sensorless
induction motor drive is presented. First, the full-order observer is modified to reduce the order
of the observer. The modified observer uses the rotor flux calculated by the flux model instead
of estimating it, thus two of the four state equations can be removed. The experimental results
of the modified observer are compared with the ones of the full-order observer, to confirm that
the modified observer can work well. Then the restarting capability of the speed sensorless in-
duction motor using the modified observer is investigated through experimental and simulation
approaches. The restarting capability of speed sensorless drive makes the coasting operation of
electric vehicle drive possible. The coasting operation is an effort to energy saving by reducing

the electrical losses due to the electricity is shut off.

3.1 Introduction

Conventionally the speed of an electrical machine can be measured by tacho-generator. The
rotor position can be measured by using electromagnetic resolvers or digitally by using incre-
mental or absolute encoders. Optical encoders are one of the most widely used position sensors.
Electromagnetic resolvers are popular for measuring the rotor position because of their rugged
construction and higher operating temperature. In case the rotor position is monitored, the
speed (which is the first derivative of the position) can be estimated directly from the position,
but the speed resolution is limited by the resolution of the position transducer and also the
sampling time. To reduce total hardware complexity and costs, to increase the mechanical

robustness and reliability of the drive, and to obtain increased noise immunity, it is desirable
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to eliminate the sensors in vector-controlled drive systems. Furthermore, an electromechanical
sensor increases the maintenance requirements.

The squirrel-cage induction machines are still ideal candidates in motor drive systems. The
high accuracy and good torque response are obtained by using the flux vector control, however
the encoder is still required [17]. To eliminate speed and position sensors, various speed and
position estimation algorithms have been proposed [18]~[23]. These algorithms are generally
based on machine parameters and the measurement of terminal voltages and currents of the mo-
tor. A full-order observer (speed adaptive flux observer) that high stability has been confirmed
by experiments is proposed in [18]. Although advanced algorithms such as the ones making use
of the Extended Kalman Filter [19] have been proposed, the full-order observer still has the

advantage of requiring less intensive calculation.

3.2 Speed adaptive flux observer

3.2.1 Full-order speed adaptive flux observer

The speed adaptive observer [18] is based on the induction motor model which expressed in the
stationary reference frame. The dynamics of induction motor in the stationary reference frame

are given by

© = Ax+ Bu (3.1)
where: . .
€r = [ isa 'Lsﬁ Qbra ¢Tﬁ } y u = [ VUsa Usﬁ ] s
ai1 0 a3 au by 0
_ 0 ann —as ais 10 b
A= a1 0 asz azs |’ B= 0o 0 |’
0 a3z1 —azs ass 0 0

ail = _Rs/(ULs> - Lgn/(ULerTr) ) a3 = Lm/(ULSLTTT) )

a4 = u)er/(O'LSLT) , asy = Lm/Tr ’
azs = —1/T, , asy = —wy ,
by =1/(cLs) , o=1-12/(LsL,) .

with the output as
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where:
) ) T
Yy = [ lsa  lsp ]

1 0 00
and C—[Oloo}

A state observer is a model-based state estimator, which can be used for the state estimation
of a non-linear dynamic system in real time. As expressed in Eq. (3.1) the state variables of the
motor model are the stator currents (isq , is3) and the rotor flux (¢« , ¢rg). Since the stator
currents are the measurable state variables, they can be used for correcting the estimated states

of the observer. Based on Eq. (3.1) the state observer of the induction motor can be written as

follows:
i = A% + Bu + Gejq (3.3)
where: . .
‘%:[Z‘sa isﬁ Gra (Zsrﬁ] ) U—[Usa Usﬁ] ,
a1 0 a3 au by 0
i 0 ann —ay ais 10 b
A= azr 0  azz az |’ B=10o o |
0 a3z —aszs ass 0 0
ail = _Rs/(aLs) - Lgn/(aLerTr) > a3 = Lm/(O-LSLTTT) )
Q14 = @er/(O'Ler) s azl = Lm/Tr ,
a33:—1/TT R as4y = —wy ,
by =1/(cLs) , o=1-12/(LsL,) ,
T o
G = g1 g2 93 94 Cis = |: 15Q :| 7
=92 g1 —94 03 Cisp
g1 = (1 - k)(all + CL33) ) Cisa = lsa — ?sa )
g2 = (1 - k)":jT ) €isg = isﬁ - isﬁ y
g3 = (1 — k*)(har + az1) — h(1 — k)(an1 + as3) ,
g1 =h(l—-Fk)w, ,
h=—oLsL,/Ly, .
with the output as
§ = Ci (3.4)

where:

. . . T A 10 00
y:[zsa 155] and 02[0100}

Here " denotes estimated values. Matrixes A, B, and u are the same as in Eq. (3.1) (the

induction motor model in the stationary frame). However in the matrix A of Eq. (3.3), the
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rotor speed w, is replaced by the estimated speed w,, since the drive system is the sensorless
one. Instead of the rotor speed, all motor parameters used in the observer are assumed to be
same with the actual ones. There is no motor’s parameter error. G is the observer gain matrix
and is selected by using the pole-placement technique so that the system will be stable. The
selected observer gain matrix G in Eq. (3.3) is proposed by Kubota et.al. [24], where k > 0. An
algorithm for the calculation of the motor speed estimation can be constructed using Lyapunov
theory. The speed adaptation for estimating the speed is obtained by using the state-error
equation of the system. To obtain the state-error equation, the Eq. (3.3) is subtracted from

Eq. (3.1). Dynamic of the observer-error is expressed as follows:

& e L) = (A~ GO)x — ) + (A~ A)i = (A~ GO)e — A (35)
where:
e =(r—2)
4 iy | O2 —Aw.J/h
Ad=(4 A)_[Og Aw,J
0 0
%= |00
0 1
7 =1V
Aw, = (&r — wy)

h  =0LLy/Lm

In Eq. (3.5), e =  — & is the estimation-error vector of the stator currents and rotor fluxes.

Then the Lyapunov function candidate is defined as follows:
V=ele+ (@ —w)?/X (3.6)

Here X is a positive constant. This function is zero when the error e is zero and when the
estimated speed @, is equal to the actual speed w,. Since a sufficient condition for uniform
asymptotic stability is that the derivative Lyapunov function, %V7 is negative definite, the
derivative of V' is obtained. By using the chain differentiation rule, it follows from Eq. (3.6)

that the time derivative of V becomes as follows:

d . [deh) 7 [de dw, (O — wy)
By substitution of % by its expression given by Eq. (3.5), Eq. (3.7) becomes
d T T T A AT T . dioy (@r — wy)
—V=e[(A-GC) + (A—GCO)le— (2" AA"e+ e AAZ)+2———2 (3.8)

dt dt A
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N . . T X A 2 I n T
When e = (x—x), r = [ lsa s Ora ¢Tﬁ ] , and & = [ lsa  1sB Ora ¢rﬁ ] are sub-

stituted into Eq. (3.8), finally the derivative of the Lyapunov function can be expressed as

follows:
d _.T T Ly, . (eisaérﬁ_eisﬂé’ra) 2. dw,
dtv =e'[[A-GC)' +(A—-GC)le—2 I (Or —wy) L. + )\(wr wr) p (3.9)

Since a sufficient condition for uniform asymptotic stability is that the derivative Lyapunov
function, %, is negative definite, e.g. V has to decrease when the error is not zero, this can be
satisfied by ensuring that the sum of the last two terms in Eq. (3.9) is zero (the other terms on
the right-hand side of Eq. (3.9) are always negative definite). Thus it follows that the adaptive
scheme (adjustment law) for the speed estimation can be obtained as

dw,
dt

= me’(eisaérﬁ - eisﬂqgra) (310)

ALm

where Ko = 77— = % is the integral gain. From Eq. (3.10) the speed can be estimated as

follows:

wr = Kri / (eisaérﬂ - eisﬁéra)dt (3'11)

To improve the response of the speed observer, Eq. (3.11) is modified to

‘Ijr = Kwrp(eisa(lgrﬁ - eisﬂqgra) + Kwri / (eisocqgrﬁ - eisﬁé’roc)dt (312)

Figure 3.1 shows the block diagram of the full-order speed adaptive observer. The estimated
rotor flux-linkage and the stator-current error are used to obtain the error speed-tuning signal.
The estimated speed is obtained from the speed-tuning signal by using a PI controller that is

expressed in Eq. (3.12).

Induction y
Motor

Figure 3.1: The full-order speed adaptive observer.
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In order to observe the performance of the speed adaptive observer [18] when it is imple-
mented with the rotor flux oriented IM control, we drive the motor using the configuration

shown in Fig. 3.2. The flux model block in Fig. 3.2 calculates the torque 7., the rotor mag-

netizing current i, (ipy, = %), the electrical frequency we, and the flux angle 6., which are

r
m

expressed as follows:

T, = Ny(1 — 0) Lyisqimr (3.13)
i = T{isa = i) (3.14)
We = Wy + Jz_:zz,ji (3.15)
%ee e (3.16)

Figure 3.2: Sensorless induction motor control using full-order speed adaptive observer.

The controller uses the rotor magnetizing current calculated in the flux model using Eq. (3.14)
as a feedback to control the flux. The observer estimates the flux and uses it to estimate the
rotor speed. Therefore, there are two values of the flux in this configuration. The former is
calculated in the flux model and the later is estimated in the observer.

The dynamic performance of the drive system using this observer is shown in Fig. 3.3. As
seen in Figs. 3.3 (¢) and (d), the estimated rotor flux of the observer changes rapidly during the
speed change transition period. The estimated rotor flux goes far away from its presupposed
constant value even though it is controlled by the vector controller. The d-axis current that

corresponds to the flux is not really changed, but the estimated rotor flux of the observer (called
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Figure 3.3: Flux dynamics of the full-order observer with the calculated flux as the flux control
feedback.

"estimated flux”) is changed significantly. The change of the flux causes a poor performance
of the speed response in transients, especially around the low speed area (see Figs. 3.3 (a)
and (b)). On the contrary, the rotor flux calculated in the flux model of the controller (called
”calculated flux”) is much more stable. We can state that the calculated flux is more reliable
than the estimated flux for speed estimation. It can be supposed that if the observer uses
the calculated flux instead of estimating the flux for the speed estimation purpose, we can
improve the performance of the sensorless drive system. Based on this observation, we propose
a modification of the full-order observer by using combined reference frames for the performance

improvement of the sensorless induction motor drive.
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3.2.2 Modified speed adaptive flux observer

n

an :
ro and @5, as expressed in

The observer can use the calculated flux by transforming ¢, to
Egs. (3.17) and (3.18). Here ¢ = Lyimy. The flux transformation is shown diagrammatically
in Fig. 3.4. Since the observer already makes use of the calculated flux to palliate the lack of flux
dynamics found in the speed change transition region we don’t need to estimate the flux again.
And since the induction motor is stable by itself, the observer gain matrix can be removed from
the state equation for simplification. In this case, the poles of the observer coincide with the
induction motor poles. This simplified state observer is expressed in Eq. (3.19), and the block

diagram of the modified observer implemented with the rotor flux oriented induction motor

control is shown in Fig. 3.5.

B = ¢y cos b (3.17)
Wy = drsinf, (3.18)
?:SCM
disa | _[an 0 a3 auy 2% n by 0 (3.19)
dt | iss 0 a1 —ais ais ’T'a 0 b
2
B
Im-stator
g-axis LSraxis
(synchronous frame) Re-rotor
o-axis
Im-rotor d-axis
y-axis (synchronous frame)
7, 4
e
S G \ Re-stator
'g' a-axis

Figure 3.4: Reference frame transformation of the rotor flux.

Figure 3.6(a) shows the actual and estimated speeds and the torque when the motor runs

from the stand still condition with a constant speed reference and a constant flux reference. As
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Figure 3.5: Implementation of the modified observer.

seen in Fig. 3.6(a) compared to Fig. 3.3(a), the sensorless field oriented control of the modified
observer gives a better performance. The modified observer can estimate the speed properly
and the speed response becomes faster. By using the modified observer the drive system can
produce a higher torque while the torque ripple is minimized. Fig. 3.6(c) that is in the same
condition as Fig. 3.6(a), shows the rotor flux and the d-axis current in order to observe the
flux behavior. The d-axis current that corresponds to the flux is much more stable and faster
compared to the one shown in Fig. 3.3(c). Fig. 3.6(b) shows the reversal response of the drive
system that uses the modified observer. In this experiment, the speed reference is changed
from 41000 rpm to -1000 rpm and the flux reference is constant. The flux behavior is shown
in Fig. 3.6(d). From these figures compared with Figs. 3.3(b) and (d), the modified observer
implemented with the rotor flux oriented control is also proved to improve the performance of
the sensorless induction motor drive system. A higher torque is produced and there is almost
no influence to the d-axis current when the speed reference is changed.

As expressed in Eq. (3.13) there is a coupling between the torque-producing component of
the g-axis stator current and the rotor magnetizing current. As a consequence, any change in
the g-axis stator current without changing the d-axis stator current accordingly will cause a
transient in the rotor flux. In order to overcome the disadvantage, a feed-forward decoupling
scheme is added to compensate the coupling effect. Unfortunately, according to Figs. 3.6(a)~(d),
in the sensorless drive system using the full-order observer the compensation of the coupling
effect becomes ineffective since the observer estimates the rotor flux and uses it for the rotor

speed estimation, even though the estimated flux is not fed to the flux controller. To make a



58 CHAPTER 3. MOTOR RESTARTING CAPABILITY...

1200 C12 1500 6
7% [ 1
Al b ]
1000 ot L T ¥ F10 1000 4
® [ ]
800 ’ ks 1 \ —
= I L E g 50 2 g
£ 600 Fe &, & Z,
F o = o0 )
] [ = = B e
8 400 F4 © 3 &
= 3 2, 5
%) I = ' -500 L] 2 =
200 7 F2 ]
e - :
o 0 -1000 4
N [O)
i ] ,
-200 -2 -1500 -6
0 05 1 15 0 0.5 1 15
time [s] time [s]
(a) Forward Rotor speed responses (b) Reverse Rotor speed responses
4 4 15 ‘ ‘ ‘ 3
3] 3 iy : : |
= iy -~ IR PR ,q,/ﬂ’,h w by ”,H,,‘, o L, =
Zn 2 _I|J. . A _'14 q / e e 2 E Z H H ! - E
x i ity roawt wot-2 S ~ ‘ ‘ ‘ 5
=] : L =) = Fg
= I 3 = =
= oo o : 5]
5 1] e R o ¢, from flux model 2
- i | = ),
S ] - o e —— i — 135
M 4 - 1 M 1
] \ [ © il
0 o
g ¢r from flux model -
-1 : : : Lo 0 ; ; ; 0
0 0.5 1 15 2 0 0.5 1 15
time [s] time [s]
(¢) Flux dynamic of the forward speed responses (d) Flux dynamic of the reverse speed responses

Figure 3.6: Flux dynamics of the modified observer with the calculated flux as the flux control
feedback.

confirmation of this behavior, the motor is run again with the configuration shown in Fig. 3.2,
but with the use of the estimated flux as a flux control feedback from the full-order observer.
The results are shown in Figs. 3.7(a)~(d). As seen in these figures compared to Figs. 3.3(a)~(d),
the performance of the present experiment becomes worse. Besides the speed response becomes
slower, the d-axis current behavior becomes very rough. As seen in Figs. 3.7(c) and (d) , in the
transients, the estimated flux is disturbed a little, but the d-axis current goes far away from the
presupposed constant value. This behavior is the opposite to the one shown in Figs. 3.3(c) and
(d). Furthermore, in the steady state the d-axis current is oscillated similarly to the torque. We
suggest that there is a flux estimation problem in the full-order observer due to the coupling
effect. Then, after we modify the observer and implement it to the sensorless rotor flux oriented
induction motor drive system, the coupling effect disappears completely as seen in Figs. 3.6(c)

and (d). Fig. 3.8 shows the speed estimation errors comparison. As seen in those figures,
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Figure 3.7: Flux dynamics of the full-order observer with the estimated flux as the flux control
feedback.

the speed estimation error of the modified observer is relatively smaller than the others of the

full-order observer.



60

Speed estimation error [rpm]

L S S—
0 0.5 1 15 2
time [s]

(a) Forward speed estimation error of the full-
order observer with the calculated flux as the flux

control feedback

160

Speed estimation error [rpm]

160 +—————————————————
0 0.5 1 15
time [s]
(c¢) Forward speed estimation error of the modi-
fied observer with the calculated flux as the flux

control feedback
160

Speed estimation error [rpm)]

time [s]

(e) Forward speed estimation error of the full-
order observer with the estimated flux as the flux

control feedback

CHAPTER 3. MOTOR RESTARTING CAPABILITY...

160

Speed estimation error [rpm]

-160- ‘ T T
time [s]
(b) Reverse speed estimation error of the full-

order observer with the calculated flux as the flux

control feedback

160

Speed estimation error [rpm]

-160- : : :
time [s]
(d) Reverse speed estimation error of the modi-

fied observer with the calculated flux as the flux

control feedback
160

Speed estimation error [rpm]

-160-F—————————————
time [s]
(f) Reverse speed estimation error of the full-

order observer with the estimated flux as the flux

control feedback

Figure 3.8: Speed estimation error comparison.
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3.3 Preliminary investigation of the restarting capability

In this section, the preliminary investigation for motor restarting capability under speed sen-
sorless drive system is presented through experiments and simulation confirmation. The speed
estimation is provided by the modified speed adaptive flux observer that has been proposed in

the previous section.

3.3.1 Experimental investigation with simulation confirmation

The motor restarting capability under speed sensorless drive system is very essential for coasting
operation of an electric vehicle. The motor drive system should be restarted when the electric
vehicle needs to be accelerated or decelerated. The initial conditions of the motor drive system
when it is restarted after coasting operation are zero for electrical parameters (e.g. motor
currents and voltages) and a certain value of actual rotor speed. In a speed sensorless motor
drive system, the actual rotor speed is an unknown parameter, and it is estimated using an
observer. Differ to the speed sensorless motor drive system that is started from the standstill
condition, the initial value of actual speed becomes a problem when the motor is restarted after
the coasting operation. Since the actual speed is the unknown parameter, we can’t decide to
determine what is the initial value (non-zero) for the speed estimation used by the observer.
If the motor is started from the standstill condition, we can set the initial value of the speed
estimation to zero, since we know exactly the initial value for the actual speed is zero without
measuring it previously. Therefore, the initial speed problem is essential to be investigated for

the motor restarting capability under speed sensorless drive system.

Decoupling circuit Vsap

Figure 3.9: Investigating configuration of the motor restarting capability.
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Configuration of the speed sensorless motor drive system used for the restarting capability
investigation is shown in Fig. 3.9. As seen in this figure, the control system is only the current
controller as for investigating the basic configuration. The d-axis current reference is set to
be increased from 0 to 3 A during 0 to 0.5 s period and kept constant of 3 A for after 0.5 s
period. The g-axis current reference is set to be increased from 0 to 2.5 A during 0 to 0.5 s
period, then is kept constant of 2.5 A during 0.5 to 1 s period, then is decreased from 2.5 to -1
A during 1 to 1.2 s period, then is kept constant of -1 A during 1.2 to 3.5 s period, and finally
is set to 0 A. These current references patterns are shown in Fig. 3.10. Initial values of actual
speed w,, estimated speed w,, and rotor magnetizing current ¢,,, are set to 0 rpm and 1000
rpm (104.7198 rad/s) and 0 A respectively. The such initial setting values of the rotor speed
is arranged in accordance to imitate the initial speed estimation error of the speed sensorless
motor drive system. This arrangement makes the experimental setup easy to be realized in

laboratory. The speed adaptive gains are set as K., = 6 and K,,; = 420.

3A

Iy 25A- ¥

Is|1.2s 35s
T T H
05s time 05s time
1A J

(a) d-axis current reference pattern (b) g-axis current reference pattern

Figure 3.10: Current references patterns.

Figure 3.11 shows the preliminary experimental results of the restarting capability of the
speed sensorless motor drive system. As seen in Fig. 3.11(a), the initial value of the estimated
speed is about 100 rad/s, while the initial value of the actual speed is 0 rad/s. The estimated
speed approaches toward the actual speed in about 0.5 second. In this period as seen in
Figs. 3.11(b)~(d), the motor currents are responded properly following their references, and
the rotor magnetizing current, torque, and the d-axis and g-axis voltages are also responded as
well. However, when the braking condition is entered (in period of 1~2 seconds) the estimated
speed fail to follow the actual speed. Here the speed adaptation is loss. The estimated speed
drops to zero speed and remains zero until the actual speed becomes zero. After this, the

estimated speed follows the actual speed again. This situation affects the responses of the other
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electrical motor parameters, especially the g-axis voltage as seen in Fig. 3.11(d).
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Figure 3.11: Experimental results of the speed sensorless motor drive system with initial speed

estimation error.

To confirm the experimental results shown in Fig. 3.11, the simulation with same condition
is carried out. Figure 3.12 shows the simulation results of the preliminary experimental results
of the restarting capability of the speed sensorless motor drive system. In the simulation the
actual rotor magnetizing current and the actual torque can be provided from the motor model
as shown in Fig. 3.12(b). Generally, the simulation results of Fig. 3.12 confirm the experimental
results of Fig. 3.11. Therefore, we believe that the actual values of rotor magnetizing current
and torque, which couldn’t be provided from the experiment, in Fig. 3.12(b) are valid. From
this figure, we notice that the actual rotor magnetizing current goes far away from the constant
value of the calculated one, even though the d-axis current (in Fig. 3.12(c)) is fast recovered.

This is because the flux response is much slower than the current response. This situation
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affects the actual torque response. The dynamics of the actual torque become worse and as a

consequence the actual speed response will be also affected.
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Figure 3.12: Simulation results of the speed sensorless motor drive system with initial speed

estimation error.

3.3.2 Speed adaptive gain setting effect

We suppose that the setting values of speed adaptive gains (K., = 6 and K,,; = 420) are too
large, and cause the lost adaptive capability of speed estimation. To this reason the simulation
is one again carried out with the lower setting values of speed adaptive gains (K,rp = 1
and K,,; = 72.5), and the simulation results are shown in Fig. 3.13. As it was supposed,
the problem of lost adaptive capability of speed estimation can be overcome. To confirm this

simulation result, the experiment is also carried out in the same condition. The comparison
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Figure 3.13: Simulation results of the speed sensorless motor drive system with initial speed

estimation error and lower speed adaptive gains settings (K,rp = 1 and K,;; = 72.5).

of the experimental speed responses with the different speed adaptive gains settings are shown
in Fig. 3.14. The experimental speed responses in Fig. 3.14(b), comparing with Fig. 3.13(a),

confirm the validity of simulation results of Fig. 3.13.
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Figure 3.14: Experimental results of speed adaptive gains effect of the speed sensorless motor

drive system .

3.3.3 Initial estimated speed effect

All the investigation results in previous subsection are carried out with the initial estimated
speed sets to W9 = 100 rad/s and the initial actual speed is w,g = 0 rad/s. Now to observe the
initial estimated speed effect, the simulation with &,9 = 0 rad/s and w,¢o = 10 rad/s is carried
out, and the results are shown in Fig. 3.15. As seen in this figure, the speed adaptive flux
observer works properly that the estimated speed can approach the actual speed.

For further confirmation that the motor can be still restarted even the initial value of the
actual speed is far from the initial value of the estimated speed (wr¢o = 0 rad/s), the simulation
is carried out with w,o = 50 rad/s, and the results are shown in Fig. 3.16. Unfortunately,
according to results in Fig. 3.16(a), the estimated speed couldn’t approach the actual speed.
It remains around the zero speed value. If we see to the rotor magnetizing current response
in Fig. 3.16(b), the actual i,,, is very slow to approach the calculated i,,,. Furthermore, the
actual torque dynamic is the opposite with the calculated one. This situation will cause the
restarting capability fails.

Following the previous investigation of the initial speed effect, the simulation is carried
out once again. Now, the initial estimated speed is set to w,o = 100 rad/s, while the initial
actual speed is wy9 = 50 rad/s. The results are shown in Fig. 3.17. In this condition, the
estimated speed can approach the actual speed properly. The simulation results as in Fig. 3.13
are reestablished. It is supposed with the condition that the initial estimated speed is set to be

larger than the initial actual speed, the motor restarting operation under the speed sensorless
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motor drive system using the modified observer will be successful. To confirm this supposition,
the experiments are carried out. The motor is started from the standstill condition, then is
shut down, and then is restarted repeatedly for the case of the initial estimated speed is set to
wrp = 100 rad/s and for the case of the initial estimated speed is set to w,g = 0 rad/s. The
comparison results are shown in Fig. 3.18. These results confirm the our supposition for the
motor restarting capability under the speed sensorless motor drive system. In the first case, as
seen in Fig. 3.18(a), the motor is always able to be restarted since the initial estimated speed is
always larger then the initial actual speed. On the contrary, as seen in Fig. 3.18(b), the motor

fails to be restarted when the initial actual speed is too larger then the initial estimated speed.
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Figure 3.15: Simulation results of the speed sensorless motor drive system with initial speed as

wro = 0 rad/s and wyg = 10 rad/s.
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Figure 3.16: Simulation results of the speed sensorless motor drive system with initial speed as

wro = 0 rad/s and wyg = 50 rad/s.



3.3. Preliminary investigation of the restarting capability 69

120 T 6 T T T T T T T T T
— cacutated T
— actual speed — actual Imr
7 = calculated Te
ne — actual Te
BN 7
&
o
o
<
Eol ]
L ; ; ]
a0 1
o N S R U SN SN N S » ‘ ‘ ‘ ‘ ‘ ‘ L
0 1 2 3 4 5 6 7 8 9 10 [ 1 2 3 4 5 6 7 8 9 10
time [s] time [s]
(a) Speed responses (b) Rotor magnetizing current and torque re-
sponses
— 100
—I 80
— 60
* 40
* Z‘ 20
o
. > 0
z
4 = -20
>
-40
i ool i
i sl |
i T R S i T e
time [s] time [s]
(c) d-axis and g-axis currents responses (d) d-axis and g-axis voltages responses

Figure 3.17: Simulation results of the speed sensorless motor drive system with initial speed as

wrp = 100 rad/s and w9 = 50 rad/s.
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Figure 3.18: Experimental results of initial estimated speed effect of the motor restarting ca-

pability.

3.3.4 Maximum speed of motor restarting capability

Finally, to investigate the maximum condition of the initial actual speed that the motor is still
possible to be restarted, the motor is once again restarted repeatedly with the case of the initial
estimated speed is set to w9 = 100 rad/s and the case of the initial estimated speed is set to

wro = 400 rad/s until the motor restarting operation fails. The comparison results are shown
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Figure 3.19: Experimental results of the maximum speed of motor restarting capability.



3.4. Minimizing Convergence Time Strategy 71

in Fig. 3.19. From these results we notice that the maximum actual speed that the motor can
be still restarted corresponds with the setting value of the initial estimated speed. If the initial

actual speed is larger then the initial estimated speed, the motor fails to be restarted.

3.4 Minimizing Convergence Time Strategy

In previous section, we have investigated that to operate the motor restarting capability of the
sensorless induction motor drive system using the modified speed adaptive flux observer, the

following conditions should be considered.

1. Set the initial value of estimated speed greater than the initial value of actual speed (set

to be equal to the maximum operating speed).
2. The speed adaptive gains should not too large to prevent the lost adaptive capability.

However by considering these conditions, the convergence time that the estimated speed ap-
proaches the actual speed is affected. The convergence time becomes slower due to the small
speed adaptive gains and the high initial value of estimated speed (see Fig. 3.14). Therefore,
it is necessary to minimize this convergence time in which to be able to control the motor
immediately. In this section we propose a simple method to overcome the convergence time
problem that occurs in the motor restarting of the sensorless induction motor drive system using
the modified speed adaptive flux observer where the initial actual speed is an unknown. The
proposed method is based on the characteristic of previous experimental results. This strategy

is confirmed by experimental results.

3.4.1 Concept for minimizing the convergence time

The concept of the minimizing convergence time strategy is to accelerate the adaptive capability
of speed observer with using a very high value of speed adaptive gain when the system is started.
This acceleration is stop when the estimated speed becomes close enough to the actual speed.
At this time the value of speed adaptive gain is switched to a low value. However, it is difficult
to determine the time that the estimated speed is close enough to the actual speed and how close
it is, since we can’t use the value of actual speed for such purpose. Based on this background,
we investigate the characteristic of some parameters from the previous experimental results

and then use it to determine the gain switching time. Fig. 3.20 shows the currents and speeds
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Figure 3.20: Currents and speeds responses of previous experimental results of the motor restart-

ing operation.

responses of previous experimental results. This figure is a part of Fig. 3.19(b). The graph is
enlarged for convenience. From this figure, we notice that the dg-axis current, g-axis current
and estimated speed have relatively a same pattern. The pattern rises to a maximum value then
goes down to a minimum value and then rises again as the actual speed is start to accelerate.
We can determine when the value of the speed adaptive gain to be switched from the large value
to the small value based on the time when the minimum point of the pattern is approached.
Points A, B, and C, shown in Fig. 3.20, are the minimum points of the pattern of dg-axis
current, g-axis current, and estimated speed respectively. Comparing these points, point C is
the point that the estimated speed is very close to the actual speed. Therefore, we decided to
use point C for determining the gain switching time.

The maximum or minimum value of a signal can be determined using the gradient slope of
that signal. Mathematically the gradient slope can be found by differentiating the equation of

that signal. Then in case of patterns in Fig. 3.20, the minimum point occurs when the gradient
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slope changes from a negative value to a positive value. By using this way the minimum
point determination is easy to realize in practice. Fortunately, the differential of estimated
speed is available from the adaptive speed observer algorithm, which is expressed in Eq. (3.10).
Therefore by choosing point C for determining the gain switching time we can save the time

consuming of microprocessor calculation.

Initialization

status = 1

(algorithm is activated)
K, = large

Next iteration

Estimating the speed
=1? E—

Check slope gradient

is
the previous grad <0 No
and
the new grad > 0

Yes

This is the minimum:
change Kwri to small
and status =0

Figure 3.21: Flow chart of the minimizing convergence time strategy.

Now, let we define that

grad = (eisadgrﬂ - eisﬁqgra) (3.20)

where grad is the slope gradient of the estimated speed. Then the speed estimation is expressed

as follows:

Op = Kypp(grad) + Ko /(grad)dt (3.21)

To determine the minimum value of estimated speed, grad is always checked. When ever the

sign of grad changes from negative to positive the adaptive capability acceleration algorithm



74 CHAPTER 3. MOTOR RESTARTING CAPABILITY...

is stop (speed adaptive gain is changed from the large value to small value). This algorithm is
inactivated and only can be activated as an initial condition again when the motor is restarted.
The initial status of the speed adaptive acceleration algorithm is active (operated). Fig. 3.21

shows a flow chart of the minimizing convergence time strategy.

3.4.2 Implementation of the minimizing convergence time strategy

To confirm the proposed method experiments are carried out. The field-weakening control using
voltage controller is applied so that very high speed can be achieved. The motor is accelerated
for 2.5 seconds by applying the g-axis current reference i3, to its maximum value. After that it

is set to zero. The initial estimated speed is set to 4000 rpm (418.9 rad/sec).

AT T T T T

SO0

] L Vo : :

-100 +—T——F———T T T
0.5 0 05 1 1.5 2 25 3 3.5 4 45
time [s]

Figure 3.22: Experimental results of starting motor from the standstill condition without im-

plementing the minimizing convergence time strategy.

Fig. 3.22 shows the experimental results of starting motor from the standstill condition
without implementing the minimizing convergence time strategy (the acceleration status is
always zero). From Fig. 3.22, one can see that the initial speed convergence time is about 0.7
second. In the next experimental results where the minimizing convergence time strategy is

applied the initial speed convergence time is reduced becomes about 0.2 second (70 % reduced)
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Figure 3.23: Experimental results of starting motor from the standstill condition with imple-

menting the convergence time minimizing strategy.

as shown in Fig. 3.23. As seen in Fig. 3.23, the adaptive speed estimation is accelerated from
the initial until the slope gradient of the estimated speed changes from a negative value to a
positive value and the strategy is never active again, which is indicated by the acceleration
status. These results confirm the effectiveness of the minimizing convergence time strategy.
Finally, Fig. 3.24 shows speed responses of restarting capability of the sensorless induction
motor drive system using the modified speed adaptive observer with applying the minimizing
convergence time strategy. It is confirmed that the minimizing convergence time strategy can

work properly.
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Figure 3.24: Experimental results of restarting motor with implementing the convergence time

minimizing strategy.

3.5 Summary

The combine advantages of both, the established rotor-flux oriented induction motor control
(high accuracy and good torque response) and the full-order observer (less intensive calculation)
are achieved through a modification of the full-order observer that estimates the rotor speed for
sensorless induction motor drive. Since the flux value is provided by the flux model that uses the
rotor flux reference frame, the two equations in the state observer equation for flux estimating
are removed. And since the observer uses the calculated flux, the lack of speed estimation due
to the coupling effect was overcome. The modified observer has a better performance than the
full-order observer has for each implementation to the sensorless rotor-flux oriented induction
drive system.

The preliminary investigation of the motor restarting capability under the speed sensorless
motor drive system using the modified speed adaptive observer has been carried out. The

investigation includes:

1. Imitating the coasting operation of the electric vehicle by restarting the laboratory motor

under the speed sensorless motor drive system with the speed estimation error as an initial
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problem.

2. Speed adaptive gain setting effect. If the gain is too large, the lost speed adaptive capa-

bility occurs.

3. Initial estimated speed effect. If the initial estimated value is much smaller than the initial

actual speed, the motor restarting operation will fail.

4. Maximum speed of motor restarting capability. The maximum initial actual speed corre-

sponds with the initial estimated speed setting.

Therefore, in order to operate the motor restarting under the speed sensorless motor successfully,

the following conditions should be considered.

1. Set the initial value of estimated speed greater than the initial value of actual speed (set

to be equal to the maximum operating speed).
2. The speed adaptive gains should not too large to prevent the lost adaptive capability.

By considering these conditions, the convergence time that the estimated speed approaches
the actual speed is affected. The convergence time becomes slower due to the small speed
adaptive gains and the high initial value of estimated speed. To overcome this problem, a
minimizing convergence time strategy for the restarting capability of the sensorless induction
motor drive system with using speed adaptive observer has been proposed. By applying the
minimizing convergence time strategy the convergence time can be reduced about 70%. The
effectiveness of the proposed strategy is confirmed by experimental and simulation results.

This chapter has contribution to the energy saving effort by giving the preliminary inves-
tigation results of the motor restarting capability under speed sensorless drive system. Since
the motor restarting can be operated successfully with considering some conditions, the motor
coasting operation under speed sensorless drive system is possible.

To improve the performance of the motor restarting capability under the speed sensorless
drive system, the stability analysis should be carried out for the next works. Based on the
analysis results, a strategy for minimizing the speed, flux, and torque estimations errors should

be studied.
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Chapter 4

Anti-oscillation strategy for the
regenerative braking control

In this chapter the analysis of the oscillation phenomenon, when the regenerative braking control
is applied into the PMSM drive system with a light-load energy consumption, is presented and
an anti oscillation strategy is proposed to overcome this stability problem. First, the oscillation
phenomenon, which occurred in the actual electric vehicle, is confirmed through the experiment
and the simulation. The mathematical model of investigated system, which divided into four
operation conditions, is derived. The cause of the oscillation phenomenon is then clarified by
solving each steady state solution and pole analyzing. Based on the analytical results, a new
regenerative braking control strategy in purpose to eliminate the oscillation is proposed. This
control strategy puts the operating point to a stable region when it moves to an unstable region.
And then, when the last control pattern remains to be unchanged, the regenerative power is
maintained to be constant even though the rotor speed is decreasing to provide a regenerative
power as much as possible. Finally, the validity of the effectiveness of the proposed control
technique is verified through the experiment according to the mini model of the investigated

system. As a result, the stable regenerative braking control can be realized.

4.1 Introduction

Usually, electric vehicle uses a regenerative braking control system for energy conservation and
the less maintenance purposes. In a DC-fed electric railway vehicle system the load power
consumption of other railway vehicles as a main DC-voltage source’s load of one railway vehicle
always varies due to their operation conditions. Therefore, when the load power consumption

is light in the power generating condition, the filter capacitor voltage v; which corresponds to

79
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the DC link voltage of the inverter rises because the load power consumption is insufficient.
The inverter operation will be stopped by an over voltage protection mechanism included in the
inverter circuit when the filter capacitor voltage vy exceeds its permitted value, and the power
generating condition is lost by which the regenerative braking is interrupted. The effect of this
decreasing energy consumption is not only to bear all the desired brake power with a mechanical
brake when the regenerative braking lapse occurs but also causes the demerit of the maintenance
cost rise due to the use of the mechanical brake devices. In a conventional system, the DC link
voltage is controlled using the regenerative method such as the thyristor control with a resistor
load in substation. However, it increases the initial cost and the maintenance fee [25]. Then,
a light-load regenerative braking control by which the use of regenerative braking is continued
as much as possible has been adopted. This control strategy decreases the regenerative braking
power so that the filter capacitor voltage vy should not exceed a voltage permitted by the over
voltage detection device [26]. When the light-load regenerative braking control is adopted in
the investigated vehicle that has a PMSM drive system shown in Fig. 4.1, it turns to might
cause a continuous oscillation of the electricity of system as shown in Fig. 4.2 (experimental
data from an actual electric railway vehicle system provided by the Railway Technical Research

Institute, Japan). Simulation is carried out to confirm this oscillation phenomenon. Then, in
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Figure 4.1: Investigated model.

this chapter we aim to contribute to the practical use of the PMSM drive system by elucidating
this continuous oscillation phenomenon, and considering the countermeasures. Concretely, a
nonlinear time-varying model of the investigated system that includes the main circuit from the

substation to the vehicle is derived. This model is then analyzed separately into four operation
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modes of linear time-invariant state equation models. Then, the cause of this continuous oscil-
lation phenomenon is clarified by solving the steady state solution and pole analyzing. Based
on this analytical result, a new light-load regenerative braking control method in purpose to
eliminate the oscillation is proposed, and the validity of the analysis and the effectiveness of the
proposed control technique are verified through the experiment according to the mini model of

the investigated system.
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(b) Current oscillation phenomenon.

Figure 4.2: Electrical oscillation in the regenerative braking control with insufficient load power

consumption.

4.2 Influence and necessity of the light-load regenerative brak-

ing control

It is supposed that the light-load regenerative braking control is an immediate cause of the os-
cillation phenomenon since this phenomenon has been occurred only when the regenerative cur-
rent is regulated to prevent the over voltage condition. To confirm this oscillation phenomenon,
simulations of the investigated system are carried out in the cases of light-load regenerative
braking control is adopted and not adopted. As it was supposed, the influence of the light-load

regenerative braking control on the oscillation phenomenon is actually confirmed according to
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simulation results shown in Fig. 4.3. It is understood that the light-load regenerative braking

2000

1900

1800

1700

Filter voltage [V

1600 +—
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
time [s]

(a) Without implementing the regenerative braking control.

72000

—

el

(=3

S
|

1800

1700

Filter voltage [V

1600~ e
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(b) With implementing the regenerative braking control.

Figure 4.3: Filter voltage oscillation phenomenon (simulation).

control is a cause of the oscillation phenomenon. In these simulations the over voltage protec-
tion mechanism is not imitated to show how high the voltage becomes. Therefore, this result
does not show the necessity of the light-load regenerative braking control. However, when the
voltage of the overhead wiring is 1650V, operating voltage of the over voltage protection of an
electric railway vehicle is often set from 1800V to 1900V. It means if the over-voltage protection
is operated or applied meanwhile the light-load regenerative braking control is not adopted
the filter capacitor voltage vy rises up to 1900V or more as shown in Fig. 4.3(a), then the
over-voltage condition occurs and the inverter will be shut down. As a result, the regenerative
braking lapse occurs. Therefore, the light-load regenerative braking control strategy that avoids
the oscillation phenomenon is necessary and indispensable to prevent the over voltage condition

occurs and the regenerative braking lapses.
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4.3 Analytical model

4.3.1 System model

The investigated model shown in Fig. 4.1, can be expressed by the equivalent circuit of system
model as shown in Fig. 4.4, which the control model is shown in Fig. 4.5. The system model

is divided into two basic categories, i.e. the main circuit model and the control model. The
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Figure 4.5: Control model.

main circuit model consists of the permanent magnet synchronous motor (PMSM) model, the
asynchronous inverter model, and the DC-link circuit model. The control model consists of

the current control model and the regenerative braking control model. The electrical power
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source of the inverter is provided from the DC-link circuit. The operation of the motor is
controlled through the switching pattern of the inverter, which the voltage reference provided
by the current controller. When the motor is operated in the braking condition, the regenerative
braking controller regulates the current reference pattern to the current controller. Since it is
assumed that the digital current control loop in the inverter is very short in time, the analysis
of the investigated phenomenon is carried out by treat all models as a continuous system. For

analysis purpose the system model is divided into five sub-model as follows:
e Motor model

Inverter model

DC-link circuit model

Current control model

Regenerative braking control model

Motor model

The motor used for analysis model is an interior type of permanent magnet synchronous motor
(PMSM). The inertia load is assumed to be a very large one, therefore, the rotor speed can
be assumed to be a parameter constant that is used for analyzing the regenerative braking

operation.The PMSM model including the mechanical model are expressed in Eqs. (4.1)~(4.3)

as follows:
diggq R . Ly, . 1

- _ N S 4.1
dt Lo 1sd + Nwm Loy 1sq T+ Log Usd ( )

disq L. R, . Nyp 1
= —Nwy—igg — —lgg — —— — 4.2
i W, qu 1sd qu 1sq qu Wm + qu Vsq ( )

dw Nyp | N (Lgq— Lgg) . . 1

dtm — 7 lsqg + SJ =kl sdlsq — th (4.3)

Since the inertia load J is assumed very large, the right-hand part of Eq. (4.3) becomes very
small (dz—tm ~ 0). Then the rotor speed w, in Eqs. (4.1) and (4.2) is substituted by the constant
wmo- Therefore, the PMSM model can be simplified as follows:

disd . RS . Nwmoqu, 1
at  Lut T T L, T I

Vsd (44)
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disq o _NmeLsd. Rs .

_ . _ Nwmoyrp | 1
dt Ly

—1lsq Usq
Lgg Lgq Ly

Inverter model

The inverter used as a model is a two level voltage type asynchronous inverter. The inverter
model used in the simulation includes two expressions. One is expressed by a switching function,

and another one is expressed by a voltage conversion function.

*e

s,/ s,/ s,/
YA VAR,
- D

Figure 4.6: Inverter switching.

Table 4.1: Switching pattern

Switching function | Switching state
Sy =1 S1ON | S>OFF
Su =0 S10FF | S3,0N
Sy =1 S30N | S,OFF
Sy =0 S3OFF | S,ON
Sw=1 S50N | S¢OFF
Sw=0 S5OFF | SgON

In simulation, the uvw-axes voltages are determined by the switching arm position as shown
in Fig. 4.6. The switching functions S,, Sy, and S,, are decided to be equal 1 or 0 depend on
the switching state as listed in Table 4.1. The switching state is controlled by the pulse width
modulation (PWM) signal, which is produced by comparing the 3-phase voltage references
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with a triangle carrier wave. Then the inverter output voltages are expressed in the following

equations.
1
Vgy = §Uf (25, — Sy, — Sw) (4.6)
1
Vep = gvf (=Su + 25, — Sw) (4.7)
1
Vo = gvf (=Su — Sy +2Sy) (4.8)

Then, the detection value of DC voltage input (filter condenser voltage) vy 4er, which has a

modulation factor, is expressed using laplace operator as

1

S — 4,
e (4.9)

Vfdet =

In the detection process vy is filtered using the one-order delay filter with a time constant of
Tpc to eliminate the noise or ripple. The modulation factors o and aj are calculated using

vfdet and dg-axes voltage references (v} and v;‘) as expressed in the following equations.

2 v*
* =942 —sd 4.10
Ad \/;'deet ( )

2 v
af = 2\/j—q 4.11
1 3 Vf det (4.11)

The dg-axes voltages are expressed using the modulation factor as

1 /3
Usd = 5 504211]0 (4.12)

1 /3
Vsqg = 5\/ja;vf (4.13)

From Egs. (4.9)~(4.13), the inverter model is rewritten as expressed in Eqgs. (4.14)~(4.16).

d’Uf det 1 1

= — — 4.14
7 Tpo bt det + Too 't (4.14)

v *
de = f Usd (4.15)

Vf det

v *

Vsq = ! Usq (416)

Vf det
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Since it becomes complicated if we use the switching function in the analysis, the inverter is
assumed as an ideal power conversion machine with an efficiency factor 7. The power conversion

expression of inverter model for analysis purpose is expressed as
nvfiin = Usdlsd + Usqisq (417)

In the analysis the inverter is assumed to be ideally efficient, and then 1 = 1.00.

DC-link circuit model

The substation, which is included in the DC-link circuit model (see Fig. 4.4), is represented by
a fixed voltage source and a diode. The directions of currents flow defined by the directions of
the arrows in Fig. 4.4 are assigned as positive directions. Expressions of the DC-link inverter
voltage vy are separated into different circuit equations depended upon the turn-on and the
turn-off times of the substation diode operations as expressed in Egs. (4.18)~(4.21) as follows:

(i) State of substation diode ON:

% = Cifz'f - Cifz’” (4.18)
v — Ve = —Rfif—Lf% (4.19)
(ii) State of substation diode OFF:
% = Cifz'f - Cifl’” (4.20)
vf:—(RbJer)z‘f—Lf% (4.21)

Current control model

The dg-axis stator voltage references, which are the output of the current controller is shown
by using laplace transformation in Eqs. (4.22) and (4.23). The first and second terms of the
right-hand side of Eqs. (4.22) and (4.23) are the PI current controllers, and the third terms
are the current decoupling compensation element. The fourth term of the right-hand side of
Eq. (4.23) is the compensation element of the voltage induced by rotor-flux linkage.

Nwy, Lggt;

N . ) Kig ., )
Vgq = Kpd (st - ZSd) + Tz (’Lsd - 2Sd) - Tys + 1sq (422>
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NwpmLggity,
Tys+ 1

v:q = Kpq (z:q — qu) + qu (z:q — zsq) + + Nwnp (4.23)

where, K,q and K, are the proportion gains, K;q and Kj;, are the integral gains, which are
decided by a time constant of T;; and the motor parameters. These gain parameters are expressed

in Eq. (4.24) ,which are introduced in [27].

L, _ Ls _ R, _ Rs
Kpd = T_j’ qu - quv Kid = %7 Kiq = % (4'24)
Now, the new state variables, 1.e. Tsd, Tsq, 151, and g, are defined as follows:
dreg ., .
iy =i (4.25)
dx
d;q =i, —isq (4.26)
di*
Ty jfl + ity =iy (4.27)
digg, .,
Tq dsz + i1 = Tsq (4.28)

Then, Eqs. (4.22) and (4.23) are expressed using the new state variables as follows:

Vg = Kpdisqg — Kpdisa + Kia%Tsa — NwmoLsqisq (4.29)
U;q = qui:q — Kpqisqg + Kigsq + NwmoLsaisg + Nwmohr (4.30)

Here, the rotor speed w, is assumed to be constant and is substituted by w;,g.

Regenerative braking control model

The torque t. of a PMSM can be written in the synchronous frame (dg-axes) as follows:
te = N¢Fisq + (Lsd — qu) isdisq (4.31)

Since the d-axis current is following its reference current ¢7; = 0 due to the current control
operation, s is assumed to be zero. Therefore, the regenerative torque can be controlled by
control the g-axis current 754, which is proportional to its reference ig,.
The light-load regenerative braking control is to control the reference value of g-axis current

isq in such a way described by Eq. (4.32) and illustrated in Fig. 4.7. The magnitude of q-axis
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current reference value I, is narrowed according to the rise of the filter capacitor voltage as
shown in Fig. 4.7. In Eq. (4.32), I, is a current reference value when the current narrowing is
not done, Vi is a voltage when the current narrowing is begins, and V.« is a voltage when

the current narrowing is end.

—Ir (V5 < Viiim)
i% =19 Vo (VF — Vimax) (Vitim < vy < Vimax) (4.32)
0 (Vi max < vy)

i filter voltage : v,

&
lq
=

N

q-axis current :

aximum Torque
Region Region

Figure 4.7: Light-load regenerative current control pattern for the insufficient load power con-

suming condition.

In the analysis, it is assumed that the contribution of the control scheme when vy > Vi pax to
the oscillation phenomenon is small, so that only the conditions of vy < Vi, and Viym < vy <
Vi max are considered to be investigated. Therefore, these conditions are designated into two
operation regions as follows: vy < Vyyy, condition as Maximum torque region and vy > Viiim

condition as Narrowing region.

4.3.2 The linearized system model

Since the analysis is carried out using the classic analysis method for linear system, such as
the system pole analysis, the system model, which is described in Subsection 4.3.1 previously,
should be linearized around the equilibrium points. The equilibrium points are determined

by equating the differential part of the system model equations in Subsection 4.3.1 to zero
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(%x = 0). Then by using the chain differentiation rule, the system model is linearized around

the equilibrium points as follows: (the linearized state variable is denoted by Axz)

Linearized motor model

From Eqgs. (4.4)~(4.5) by substituting %x = 0, the equilibrium points are:

0 = —Rsisqo + NWmOquiqu + Vsdo (433)

0= _NWmOLsdist - Rsiqu - NWmOQ;Z)F + Usq0 (4'34)

The linearized equations are:

d . . Rs . . NwmoL ) 1

7 Aigy = _L_Sd Nigg + % Nigy + L_dMSd (4.35)
S S S

d . NwmoLsq , . Rs . 1

—Alyy = ——NAigg— —A —A 4.36

at lsq qu 1sd qu 1sq + qu Vsq ( )

Linearized inverter model

From Egs. (4.14)~(4.16) by substituting %:1: = 0, the equilibrium points are:

Vfdet0 = Vfo (4.37)
Vsd0 = Vago (4.38)
VUsg0 = Vgq0 (4.39)

and from Eq. (4.17), the equilibrium point is:

NUF0Lin0 = Usdolsdo T Vsq0lsqo (4.40)
The linearized equations are:
d 1 1
ZA =_—— A — A 4.41
gp U det Tro Ufdet + Tpo V! (4.41)
Avgg = MAUJC — MAUf det T szd (4.42)

Uf() vfo
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Avgg = Usq0 Avy — i;s—ji())Avfdet + Avg,

Uf[)

niinOA")f + nvaAiin = Z'stAUsd + deOAiSd + iquAstq + vquAisq

Then Eq. (4.44) is rearranged as follow:
1

Ay = _0 (—TlimoAvf + 1540 AVsq + VsdoAigqg + iquAvsq + 'UquAisq)

Linearized DC-link circuit model

(i) State of substation diode ON:
From Egs. (4.18) and (4.19), the equilibrium points are:

1f0 = Lin0

vyo — Vae = —Ryigo

And the linearized equations are:

d 1 1

L Avp = = Aip — —Nigy,
dt vt Cf o Cf !
d .. Rf . 1
EAZf = —L—fA’Lf — L—fA’Uf

(ii) State of substation diode OFF:
From Egs. (4.20) and (4.21), the equilibrium points are:
1f0 = Lin0
vpo = — (Ry + Ry)igo

And the linearized equations are:

d 1 1

—A —Aip — —Aiyy,

dt v Cf gl Cf !
d Rb+Rf . 1
—Aip=— Aip— —A
at=! L, Tt
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(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)
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Linearized current control model

From Eqgs. (4.25)~(4.30), the equilibrium points are:

- .
Ysdo0 = tsd0

.
quO = tsq0

" ok
tsd10 = Ysdo

. o
qulO - zqu

* -k . * *k
Vsgo = Kpdtsao — Kpdisdo + KiaZsqo — KiaZTsdo — NwmoLisqisgio

U:qO = qui:qo — Kpqlsqo + Kiqxzqo — KigZsq0 + NwimoLsdizgio + Nwmotr
By substituting Eqs. (4.54)~(4.57) into Egs. (4.58) and (4.25), these equations become:

* .
Vgsdo = Kidxsdo - NmeququO

* .
Vsq0 = Kiqmsq() + NwmoLsqisqo + Nwmo¥r

Then from Eqgs. (4.33) and (4.34), we have:

% . .
Vgsqo = Rgisqo — Nmequ'quO

U;qu = RSiqu + NwmoLsdisao + Nwmor

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

By equating Eqs. (4.60) and (4.61) with Eqs. (4.62) and (4.63) respectively, the others equilib-

rium points are determined as follows:

Todo = Rsist
sd0 —
Kiq
o Rsiqu
Lsq0 = K.
iq

And the linearized equations are:

Az, = Aily — Aigg

(4.64)

(4.65)

(4.66)
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%Amsq = AP, Ady, (4.67)

R (4.68)

%Az’:ql _ Tidm;q _ Tidmj;dl (4.69)

Avgy = KpaAigy — KpalAisg + KigAzsqg — Nwimo LsgAigy (4.70)
Avg, = KpgAig, — KpgAisg + KigArsg + NwmoLsaAigy (4.71)

Linearized regenerative braking control model

From the d-axis current reference i}, = 0 and the g-axis current reference in Eq. (4.7), the

equilibrium points are:

it =0 (4.72)
—I, (v < Vilim)
m (v£0 — Vimax) (Viim < vy)
And the linearized equations are:
Al = (4.74)
0 (vf < Viiim)
At = (4.75)

sq
I
Vi Vi VS (Vitim < vy)
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4.4 Analytical result

4.4.1 Analysis method

Since the analytical object system contains a rectifier (see Fig. 4.4), which is a nonlinear element
due to the ON-OFF operations of the substation diode, and the operation of the light-load
regenerative control, handling it in the analysis is difficult. The ON-OFF operations of the
substation diode, and the operation of the light-load regenerative control are illustrated in
Fig. 4.8. Therefore, the model derived in the previous section is divided into four kinds of

operation modes as follows:
e Mode 1: S;i&Don  Narrowing region and substation diode ON
e Mode 2: S;&Dopr  Narrowing region and substation diode OFF
e Mode 3: S;p&Dpny  Maximum torque region and substation diode ON

e Mode 4: S;p&Dorr  Maximum torque region and substation diode OFF

A |

sq | I
I‘/fmax Vllc -|_ R b Cf:: 5

0 Viim

1
|
1
1 L R ’
l
|
1

|
S, region : S, region
1

g D state

(a) The operation of the light-load (b) The ON-OFF operations of the substation diode.

regenerative control.

Figure 4.8: The operations mode of the regenerative braking control.

An analytical technique whereabouts the stability of the equilibrium point of the state
equation is examined is arranged as follows: The state of the narrowing region or the maxi-
mum torque region depends on the filter capacitor voltage and the ON-OFF operation of the

substation diode according to the end-to-end terminal voltage of equivalent load resistance Ry.
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Therefore, the ON-OFF condition of the substation diode is defined according to the current

that flows in the equivalent load resistance Ry.

4.4.2 Equilibrium points of each operation mode

(i) Substation diode ON state

First, a balance point when rectifier turns on is determined at the filter condenser voltage in
the DC-link circuit side. When a system is supposed to reach a balance condition, the electric
power supplied by the DC-link circuit side and the electric power consumed by a motor side
are same, which is expressed as

vyo (Vo — Vae)

7 (4.76)

.2 .
- RSquO - NmewFquO =

By substituting Eq. (4.73) into Eq. (4.76), the equilibrium points of Mode 1 and Mode 3 are

expressed as follows:

vro (vro — Vie)

Mode 1:  RyA2 (059 — Vimax)® + NwmobrAr (V50 — Vimax) + 7 =0 (4.77)
-V
Mode 3: RyI2 — Nwmotrl, + W ~0 (4.78)
f
_ I
Where A’I’ = m .

(ii) Substation diode OFF state
The electric power balance condition when the substation diode turns off is expressed as

2
'Ufo

—_ 4.79
ml (4.79)

.2 .
- RSquO - NWmUwFquO =

By substituting Eq. (4.73) into Eq. (4.79), the equilibrium points of Mode 2 and Mode 4 are

expressed as follows:

2
v
Mode 2:  RoA2 (50 — Vimax)? + NwmotrAr (V50 — Vimax) + = =0 (4.80)
Ry + Rf
v
Mode 4 : R I? — Nwpmotppl, + —— = 4.81
ode Wm0 F R+ I (4.81)

By using the model parameters listed in Table 4.2, the equilibrium points of each operation

mode are calculated and listed in Table 4.3.
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Table 4.2: Model parameters

CHAPTER 4. ANTI-OSCILLATION STRATEGY FOR ...

Item I Symbol | Value “ Item Symbol | Value
Stator resistant Rs 0.1[] Rotor speed Wmo 250[rpm)]
d-axis inductance Lgg 15[mH] Wheel diameter dm 820[mm)]
g-axis inductance Lsq 10[mH] Maximum regenerative current I, 415.7[A]
Permanent magnet flux Yp 4.23[Wb] Current control time constant Ty 10[ms]
Rotor inertia J 10°[kgm?] || Voltage detection time constant Tpc 100[ms]
Poles number N 4 Narrowing start voltage Vilim 1700[V]
Load torque Ty, 0 Narrowing end voltage V¥ max 1800[V]
Source voltage Vie 1650[V] Over voltage limit ViovD 1900[V]
Powering vehicle load Ry 22[Q) Inverter carrier frequency fe 5[kHz]
Filter inductance Ly 23[mH] Maximum index modulation Mmax 1
Filter resistance Ry 0.115[Q] Current control sampling time T 250[pus]
Filter condenser Cy 3.3[mF] Simulation time base At 2[us]
Table 4.3: Equilibrium of each operation mode
Narrowing region Max torque region
Equilibrium point Symbol Diode ON Diode OFF Diode ON Diode OFF
Mode 1 Mode 2 Mode 3 Mode 4
Filter condenser voltage [V] LF) 1664.995 1721.4389 1661.5488 1920.964
Detected filter condenser voltage [V] Vfdet0 1664.995 1721.4389 1661.5488 1920.964
Filter inductance current [A] if0 -77.840329 -86.862492
d-axis current [A] 1sd0 0 0 0 0
q-axis current [A] 1590 -561.2154 -326.57855 -415.7 -415.7
d-axis current control integral variable [C] Tsdo 0 0 0 0
g-axis current control integral variable [C] Tsq0 -5.612154 -3.2657855 -4.157 -4.157
One-order delayed d-axis current reference [A] i a10 0 0 0 0
One-order delayed g-axis current reference [A] 5410 -561.2154 -326.57855 -415.7 -415.7
d-axis voltage [V] Vsdo 587.70338 341.99226 435.32002 435.32002
g-axis voltage [V] Vsq0 386.84303 410.30671 401.39456 401.39456
Inverter input current [A] 1in0 -130.3921 -77.840329 -100.4242 -86.862492

xxx |...the equilibrium point is out of its mode operation area
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Max torque region; Narrowing region
i 1 Max torque region | Narrowing region
f V.. . —
fim iy
Vjim
0 Vo
0 Yo
. Model
DIOT ON Diode ON
-V./R
Di dl OFFd ’ l “Val R, @ Mode2 Equilibrium
rode Diode OFF
o Mode2
Model Equilibrium
(a) Mode 1. (b) Mode 2.
Max torque region i Narrowing region
I Max torque region | Narrowing region
Viim . —
o v
0 Voo flim
0 0
Diode ON Mode3
Diode ON
T [ -rnm,
l -Vi/ R, ° | e
Diode OFF Mode3 Equilibrium Diode OFF odet Equitforium
Mode4
(c) Mode 3. (d) Mode 4.

Figure 4.9: The equilibrium points mapping into its operation mode.

Then, the equilibrium points of the filter capacitor voltage vo and the current of the overhead
wiring 4rg, which relates to the operation mode, are mapped in the current-voltage plane as

shown in Fig. 4.9.

4.4.3 Poles of each operation mode

The four operation modes are described by four linearized state equations those are expressed

in Eqgs. (4.83)~(4.86), where A, = m, and the state variables as follow:
= Avp Avpae Aip Aig Aigg Awg Ay Aity Ait, 10

sql (4.82)

The poles of the linearized system model for each operating mode are shown in Fig. 4.10 and

listed in Table 4.4.
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(4.84)

98 CHAPTER 4. ANTI-OSCILLATION STRATEGY FOR ...
Mode 1:
r Arlsqupq 13m0 1 _Ust"‘istKpd —Vsq0+tsq0 Kpg
r A'l)f ch’UfO CfU 0 C'f T]Cf’Ufo anUfO
AV} get Tpc " Toc 0 0 0
Ai _1 0 _Ry 0 0
vf Ly Ly
Aisd Vsd0 ___Ysdo 0 _ RS+KPd NwmoLsq
Lgqv Lgqv L L
d . sdVfo sdVfo sd sd
dt Alsq Vsq0 + Aerq Vsq0 0 _ NwpmoLsg Rs+Kpq
Azgg Lsquyo Lsq Lsquyo Lsq Lsq
Az 0 0 0 -1 0
S
A A, 0 0 0 -1
Lsd1
Ai* 0 0 0 0 0
L ,qul . A,
A 0 0 0 0
L d
_isdoKiq  _ tsq0Kiq  isqoNwmoLsd  tsaoNwmoLsq T
nCrvso nCruso nCrvso nCrvso A'Uf
0 0 0 0 Avf det
0 0 0 0 Aiy
: NwmoL .
0 Kiq NwmoLsa 0 Aigg
Lsq Lsq A
0 0 0 0 Lsd
0 0 0 0 At
0 0 —L 0 Aig
Ta At
0 0 0 — L Slsqr
d -
Mode 2:
r o AvisgKpg iin0 1 “Vsd0tisdoKpd  —Vsq0+isq0Kpg
_ A'Uf nCifva Cf’U 0 C’f T]Cfvfo anvfo
Avf det Tpc " Toc 0 0 0
. 1 0 Ry+Ry 0 0
Alf Ly Ly
Aigg _Vsdo _Vsdo 0 _ BstKpa NwmoLsq
d N Lsqvyo Lsqvygo Lsq Lsq
di tsq vsq0 ArKpg __Usq 0 _ NwmoLsd Rs+Kpq
AJUsd qu’l)fo qu L.sq’l)fo qu qu
A 0 0 0 -1 0
.’Esq
Aj* A, 0 0 0 -1
adl 0 0 0 0 0
AG*
- - A 0 0 0 0
L d
_isdoKiq _ tsq0Kiq  isqoNwmoLsa  tsdaoNwmoLsq T
nCrvpg nCrvso nCrvso nCrvpo A’Uf
0 0 0 0 A@f det
0 0 0 0 Aiy
Kiq NwpmoLsq .
L_sd 0 0 — 7Lsd Alsd
0 Kig NwmoLsq 0 Aigy
Lsq Lsq A
0 0 0 0 Lsd
0 0 0 0 Alsg
0 0 —2 0 Digg
d 1 A’l* 1
0 0 0 N
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Mode 3:
B 0 4in0 1 _vsd0+istKpd *'Uqu‘i’iququ
[ Avy X Cruso Cy nCtvyo nCsvro
AV det Tpc " Toc 9% 0 0
. 1 f
Alf -7 0 —+ 0 0
f Ly
Aigg Vsdo Vsdo 0 _ Rt Kpa NwmoLsq
d | A Lsavyo Lsqvyo Lsa Lsq
dt tsq Ysq0 Usq0 0 _ NwmoLsg _RstKpq
Axgy Lsquyo Lsquyo Lsq Lsq
Az 0 0 0 -1 0
sq
- 0 0 0 0 -1
Astl
Ai* 0 0 0 0 0
- el 0 0 0 0 0
B (4.85)
_isg0Kid _iquKiq _isquWmOLsd isdoNwmoLsq 7 B
nCrvso nCruro nCruso nCrvso A’Uf
o o 0 0 e
Ai
K; NwmoL .
B 0 M|,
Kiq NWmOLsd Al
0 T 7 0 sq
. . Ax
0 0 0 0 sd
0 0 0 0 Alisg
0 0 —% 0 Aty
d Sk
0 0 0 ~L L Al
” i
Mode 4:
B 0 4in0 1 _Usd0+istKpd *Usq0+7;ququ
[ Avy ) Cruro Cs nCrvgo nCyruyo
Avf det TDf " Topc RO+R 0 0
Aif -7 0 - 0 0
s Ly
Aigg Vsdo Vsdo 0 _ Rs+Kpa NwmoLsq
d | A Lsqvgo Lsqvyo Lsq Lgq
dt Lsq Usq0 __Usq0 0 _ NwmoLsg Rs+Kpq
Al‘sd Lsquyo Lsquyo sq sq
Az 0 0 0 -1 0
sq
Ai* 0 0 0 0 -1
dl
Aii 0 0 0 0 0
- el 0 0 0 0 0
B (4.86)
_isg0Kid _iquKiq _iquNWmOLsd isd0 NwmoLsq 7 B
WCfoO an’Ufo anUfo WCfoO A’Uf
S ) X e
Aiy
: NwmoL .
i 0 0 S Aigg
0 Kiq NwmoLsq 0 Aig
Leq Lsq a
0 0 0 0 Alsq
0 0 0 0 Alisg
0 0 —% 0 Aty
d 1 AZ*
0 0 0 — 7 - sql
> i
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Figure 4.10: Poles of each operation mode.

Table 4.4: Poles of each operation mode

Region Narrowing region Maximum torque region
Diode state Diode ON Diode OFF Diode ON Diode OFF
Mode Mode 1 Mode 2 Mode 3 Mode 4
Re Im Re Im Re Im Re Im
168.575 145.477 | -951.100 0 -91.368 122.249 | -947.816 0
168.575 -145.477 59.393 167.888 | -91.368 | -122.249 | -102.357 | 123.384

-99.744 108.032 59.393 -167.888 | -15.687 | 112.738 | -102.357 | -123.384
-99.744 -108.032 | -100.554 | 107.032 | -15.687 | -112.738 | -14.346 10.460

Poles -31.040 0 -100.554 | -107.032 | -9.927 0 -14.346 -10.460
-9.886 0 -10.390 0 -3.815 3.835 -3.483 3.246
-3.813 3.830 -3.775 3.781 -3.815 -3.835 -3.483 -3.246
-3.813 -3.830 -3.775 -3.781 -100 0 -100 0
-100 0 -100 0 -100 0 -100 0

xxx |...the positive real pole (unstable pole)

4.4.4 Stability analysis of each operation mode

From the steady state solutions of the state equations, the equilibrium points of each operation
mode are found out as presented in subsection 4.4.2. If paying attention to the filter capacitor
voltage vyo and the current of the overhead wiring i ¢y of these steady state solutions which re-

lates to the operation mode, it is noticed that the steady state solution reaches a value outside
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the area corresponding to each its operation mode except of Mode 2 as shown in Fig. 4.9. There-
fore, according to this matter, to achieve a stable condition when the light-load regenerative
breaking control is active the operating point should be in Mode 2 (narrowing region and diode
is turned off). Furthermore, from the pole of the linearized state equation of each operation
mode as shown in Fig. 4.10, it is noticed that Modes 1 and 2 are unstable by presence in a
positive real part of poles, and Modes 3 and 4 are stable. Table 4.5 shows the relation between
the stability and the existence equilibrium point (steady state solution) of each operating mode.
It is understood that no one of four operation modes can meet the requirement to settle the
operating point in the area corresponding to the operation mode and to guarantee the stability.
As a result, the operating point of the system becomes not to settle to any operation mode, but
to move between each mode. Therefore, the oscillation phenomenon of the electricity system,
occurs in the PMSM drive system when the light-load regenerative braking control is applied,

can be explained.

Table 4.5: Equilibrium point position and stability at each ”Operation Mode”

] Equilibrium point .
Operation mode . . Stability
position

Mode 1 OUT
Mode 2 IN

Mode 3 ouT Stable

Mode 4 ouT Stable
xxX |...undesired condition

4.5 Proposed anti-oscillation Strategy

From the examination in the preceding section, the dynamical stability is achieved only in the
maximum torque region (Modes 3 and 4). However, a corresponding position of steady state
solution does not exist in the operation mode of the maximum torque region. Then, we suggest
controlling the oscillation by changing the control pattern so that a corresponding position of the
steady state solution may exist in the maximum torque region. Furthermore, the change in the
regenerative electric power due to the decrease at the rotor speed is considered in the proposed
anti-oscillation control, even though the rotor speed has been being examined constantly in

the oscillation phenomenon analysis in the preceding section. In the proposed strategy, the
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regenerative power is maintained to be constant when the insufficient load condition does not
occur anymore to provide the regenerative power as much as possible. The proposed anti-

oscillation control algorithm is described in two steps as follows:
e Step 1: Anti-oscillation control strategy

e Step 2: Constant regenerative power maintenance control.

4.5.1 Anti-oscillation strategy

The purpose of the anti-oscillation control strategy is to put the operating point to a stable
region when it moves to an unstable region. First, when the light-load regenerative control
is active, and then the operating point moves to the narrowing region, the control pattern is
changed as shown in Fig. 4.11 (values of I, and Vyj, are changed), so that the maximum
torque region is expanded. A ratio of a (0 < a < 1) is multiplied to the g-axis current reference
initial value to realize the change of I,.. As a consequence, the g-axis current reference value is
narrowed and the operating point is returned to the maximum torque area. In other words, the
operating point in the narrowing region is avoided and the unstable condition is also avoided.
This operation may be repeated and the steady state solution can be kept exist in the maximum
torque area. As a result, the operating point is always settled to Mode 3 or Mode 4, and the

oscillation is controlled.

New Maximum New Narrwing '
Torque Region : Region |
A V . | |
[ lim \ 7 \ |
0 (( (nitial value) /"™ f max S
% Ve
Operation
‘I Point
L, 7 1
Narrowing Pattern

changed

Figure 4.11: Anti-oscillation strategy.
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4.5.2 Constant regenerative power maintenance control

After controlling the oscillation, when the last control pattern remains to be unchanged in step
1 since the light-load regenerative condition doesn’t occur anymore, the regenerative electric
power is decreasing according to the decrease at the rotor speed. This regenerative power’s
decreasing indicates the filter capacitor voltage decreasing. The actual regenerative electric
power becomes smaller than the maximum dissipation that could be anticipated by the load of
Ry. Therefore, to provide a regenerative power as much as possible the g-axis current reference
value in the maximum torque area is changed while the regenerative power is maintained to be
constant (Peopstant = iqu ) as illustrated in Fig. 4.12. Furthermore, the anti-oscillation control
in step 1 will be active again when the operating point deviates from the maximum torque
region. Then, it is possible to regenerate a large electric power as much as possible and control

the oscillation by repeating these two steps.

A v 14
0 f 'f lim
K s

regenarative p ower V

i*

' Change v, and i *
keeping the regenerative
power (area of the
rectangle) constant.

v, hm(changed)

Yy

0_5( <—|—V‘\ .

X% | | >

regenerative / max
power |/

i

sq I

Figure 4.12: Constant regenerative power maintenance control.
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4.6 Experimental results

In order to verify the validation of the proposed anti-oscillation strategy, the proposed anti-

oscillation strategy is applied to a mini model of the experimental system shown in Fig. 4.13,

which imitates the oscillation phenomenon as in the experiment result of a real railway vehicle

when the light-load regenerative braking control is adopted. A PMSM with an inertia load

imitates the regenerative power of vehicle, and then a load resistance imitates a load power

consuming by other vehicles according to the equivalent circuit shown in Fig. 4.4. Parameters

of the mini-model experimental system are listed in Table 4.6.

Encoder

N

Induction motor

(inertia load)

PMSM /
4 \
\ / Torque Speed
Inertiaload ~measurement  oachrement
(a) Mechanical system configuration. (b) Experimental system photo-
graph.
Figure 4.13: Mini model of the experimental system.
Table 4.6: Mini model system parameters
Item I Symbol | Value “ Item Symbol I Value
Stator resistant Rs 0.1[] Rotor speed Wmo 1000[rpm]
d-axis inductance Lgq 1[mH] Rise time T 3[s]
g-axis inductance Lsg 1[mH] Maximum regenerative current I 10[A]
Permanent magnet flux Yp 0.153[Wb] || Current control time constant Ty 1[ms]
Rotor inertia J 10[kgm?] Voltage detection time constant Toc 100[ms]
Poles number N 4 Narrowing start voltage Vilim 145[V]
Load torque Ty, 0 Narrowing end voltage V¥ max 150[V]
Source voltage Ve 140[V] Over voltage limit Viovp 160[V]
Powering vehicle load Ry 50[Q] Inverter carrier frequency fe 5[kHz]
Filter inductance Ly 100[mH] Maximum index modulation Mmax 0.9
Filter resistance Ry 1[9] Current control sampling time dT. 200[ms]
Filter condenser Cy 68[uF] Speed calculation sampling time dTs 2[ms]

Fig. 11 shows the experimental results of the light-load regenerative braking control with

and without the proposed anti-oscillation control. From the comparison of the system with and
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Figure 4.14: Experimental results of the downsized experimental system.
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Figure 4.15: Rotor Speed and Regenerative Power response of downsized experimental system

with anti-oscillation control.

without the proposed anti-oscillation control, it is understood that the oscillation phenomenon

is controlled by the proposed anti-oscillation control method. Fig. 12 shows rotor speed and

regenerative power responses of downsized experimental system with suggested anti-oscillation



106 CHAPTER 4. ANTI-OSCILLATION STRATEGY FOR ...

control. Even though the rotor speed decreases the regenerative electric power is kept con-
stant, and moreover, the maximum dissipation that can be anticipated by R}, (other vehicles) is

provided anytime. The effectiveness of the anti-oscillation control proposed above is confirmed.

4.7 Summary

From analysis and experimental results we can summarize the conclusion as follows: It was
pointed out that the oscillation of the electric system occurs in the PMSM drive railway vehicle
traction system when the light-load regenerative braking control is adopted. To elucidate the
oscillation phenomenon, the main circuit that contains a nonlinear system is modeled by the
nonlinear time-varying state equations. A treated analytical approach that the state equation
of a nonlinear time varying main circuit model is divided into four appropriate operation modes
(linear system) using the Taylor series expansion was proposed. And, from the location of
the steady state solution (the equilibrium points) of each ’Operating Mode’ and the stability
analysis results, the existence of the oscillation phenomenon when a light-load regenerative
braking control is adopted is clarified. Based on the above-mentioned analytical results the
control technique by which the oscillation phenomenon is controlled is proposed and verified
according to the mini model. As a result, since the proposed control method is confirmed to
be effective and appropriate to control the oscillation when a light-load regenerative braking

control is adopted, the analytical result is also proven.



Chapter 5

Storage battery modeling

In this chapter, a novel method to model the transient response of battery in view of the control
engineering is proposed. The frequency-response of battery is measured and the concept of
transfer function to decide the admittance value of battery is introduced. Finally, the equivalent
circuit of battery from the obtained admittance value is estimated. Furthermore, the variation

of electrical circuit parameter with the battery residual capacity is investigated.

5.1 Introduction

Recently, a storage battery is used very much for the portable machine from the small system,
like the uninterruptible power supply system, to the large system, like the electric vehicle. Even
it is used in very large-scale application, the storage battery used for the electric vehicle has
a special condition that is rapid charged-discharged repeatedly. Especially, when the electric
vehicle is run in the city area that the speed acceleration and deceleration are very often. The
storage battery is discharged in the acceleration condition (motoring) and is charged in the
deceleration condition (regenerative braking). In the storage battery system that the electrical
charge-discharge is done frequently, a more high efficiency drive system should be designed.
Therefore, the character of storage battery is modeled and it is very important to grasp the
whole character of the system precisely.

Up to this time, the technique that the character of the storage battery is modeled from
the viewpoint of the electrical engineering is examined. For example the equivalent circuit of
the storage battery is estimated by calculating the circuit parameters from some points of the
frequency response. However, by using this method to calculate a circuit parameter from few
data, there is a problem that the dispersion of data influences the computation results. On the

other hand, the equivalent circuit of the storage battery is estimated using the Cole-Cole plot

107
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that is made from the frequency response of the experiment result. Here, the circuit parameter
is decided by treating the data graphically. There is a problem that inductance element of
the storage battery isn’t being taken into consideration in the equivalent circuit so far. From
these reasons, even if the above modeling technique can grasp the characteristic of the storage
battery, it can be said that it can’t be grasped precisely.

In this chapter, the new modeling technique of the storage battery characteristic from the
viewpoint of control engineering is proposed. The general concept of the transfer function is
introduced. From the treatment of the frequency response characteristic of the storage bat-
tery, which is provided by experiment, the system admittance is decided. Since the graphical
treatment is carried out under the sufficient number of data, which the inductance was taken
into consideration, this technique has the strong point that the influence of the dispersion of
data measurement can be restrained low. Then, based on the admittance obtained from this
technique, the equivalent circuit of the storage battery is estimated and the circuit parameter
can be calculated. As it was mentioned previously, with the obtained transfer function that the
influence of the data dispersion is restrained low, the stable technique for obtaining the electrical
circuit parameters are obtained. From the examination of battery charging condition, which is
changed from 100%, 80%, ... to 0% charging capacity, the investigation of circuit parameters for
each condition are also considered. Furthermore, by using the concept of transfer function, the
characteristic of the combinational batteries can be obtained easily that is calculated mathe-
matically from the characteristic of a single battery. This technique is verified by comparing the
frequency response of this calculated model (the combinational batteries characteristic obtained
mathematically from the single battery characteristic) with the frequency response of the ac-
tual combinational batteries from experiment. This technique can be applied to the large-scale
storage battery power supply system, such as electric vehicle, solar cell generating electricity

system, and uninterruptible power supply system.

5.2 The measurement of the storage battery frequency charac-

teristic

To model the character in electric charge-discharge of the storage battery, the frequency response
of storage battery admittance is measured by experiment. To add an ideal proper sinusoidal
wave to the storage battery, the laboratory power amplifier that is combined with the laboratory

function generator is used as a power supply. The configuration of the measurement circuit
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R(variable) O CcH1
O
A Mf—h
AV Storage battery |: g CH2
Shunt
Function Power resistance Measurement

Generator Amplifier Analysing recorder

Figure 5.1: Schematic circuit diagram of frequency response measurement equipment.

Figure 5.2: Photograph of frequency response measurement equipment.

Table 5.1: Battery specifications

Type Lead-acid storage battery
Capacity 100 Ah (10 hours average)
Series number MSE-100Ah
Nominal voltage 6V
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and appearance of the experiment device are shown in Figs. 5.1 and 5.2 respectively. And, the
specifications of the storage battery are listed in Table 5.1. The measurement of the storage
battery frequency characteristic is carried out as follows: the storage battery is put into an
isothermal regulator box where the storage battery itself was kept in 25°, and its charging
capacity is made to change with 100%, 80%, 60%, 40%, 20%, and 0%.

Here, charging capacity is calculated from the product of the electric discharge current
and the discharge time starting from a full-charging condition. The full-charging condition is
defined from the release terminal voltage (2.23V/ cell) by considering the rated current and
voltage charges [29]. First, the frequency response is measured in the full-charging condition,
and after it is finished, the discharging electricity with the current of 10 A is started continuously
for 2 hours. After it lapses for about 30 minutes, this is considered 80% of the charging capacity
condition, and then the frequency response is measured again. The measurement is repeated
every time of the charging capacity is decrease for 20%, until the charging capacity becomes
0% (100%, 80%, 60%, 40%, 20%, and 0% charging conditions). In this time, the sinusoidal
signal with frequency stage of 10Hz-1000 Hz is put on the main object. The gain and phase
of the system are calculated from the wave shape of the electrical voltage and current for each
charging capacity condition. The FFT (Fast Fourier Transformation) analytic [30] is being used
for reading of the data, since the ripple is seen in the voltage wave shape due to the resolution
problem of the analyzing recorder. The experiment was carried out with the electric current of
5 A, which was the rated current value of the power amplifier used this time. The gain plot and
the phase plot of the storage battery admittance, which are obtained from these experiment

results, are shown in Fig. 5.3.

5.3 The transfer function expression of the storage battery

Here, to obtain the approximated transfer function the storage battery admittance, the whole
frequency characteristic of the storage battery from the experiment result is compared with the
bode diagram of the various typical reference model. And then, the method to decide each

parameter inside the storage battery transfer function is described.

5.3.1 The frequency characteristic of the approximated model

The transfer function and bode diagram of the reference models [31] (phase-lead system, one-

order delay system, and phase-lead + one-order delay system) are shown in Table 5.2. Com-
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Figure 5.3: Frequency response of lead-acid battery admittance.
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paring Table 5.2 with the frequency response from the experiment result shown in Fig. 5.3, the

transfer function %(w) of the storage battery is decided to be approximated by a ”phase-lead

+ one-order delay system”. Then the storage battery model is expressed in Eq. (5.1).
1+Ts 1

_ K, T\ < T <T, 1
Gs) = Ko T Tos 1<tz <o (5.1)

Table 5.2: Frequency responses of transfer function (Bode diagram)

Transfer function Gain plot Phase plot

—aw,=1/T,
Phase-lead % :
1+Ts

—_ =7
1415 e

One-order delay

1
1+Ts

-20 dB/dec

Phase-lead + one-order delay
Mgy || e — @
1+1s 1 0‘/—\ ol
1+1s 1+ 18

(T > T3 >Ty)

5.3.2 Technique for obtaining the parameter constants

To obtain the parameter constants of 71, To, Ty, and Ky in Eq. (5.1), the use of least-square
method is decided. By using the least- square method under the sufficient number of data,
the influence of the dispersion of the experiment data is restrained low, and a valid transfer
function can be found. Then it is decided to assume that the system model can be analyzed
separately as a phase-lead system only and as a one-order delay system only, so that the model

parameters can be calculated as follows:

1. 77 and T, determination
From the experiment result data, the expressions (T17%) and (71/7%) are calculated in
four steps as described in the following passages. This calculation process is illustrated in

Fig. 5.4. Then, parameter constants of 77 and T5 are decided.

e Step 1. Oax and wy, are determined graphically from the phase curve. (see Fig. 5.5)
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e Step 2. By mapping 0.x, which is obtained from step 1, into the 6y,.x versus
(Th1/T3) correlation in the phase characteristic curve of the phase-lead system, the
value of (71/T%) is obtained. (see Fig. 5.6)

e Step 3. By substituting w,, that is obtained from step 1 into expression w,, = \/ﬁ,

the value of (717%) is obtained.

e Step 4. Since from steps 2 and 3 the value of expressions (7175)) and ((71/1%) are

obtained, the parameter constants of 77 and T can be calculated.

2. Kj determination
By using the current I and the voltage descent AV in discharge condition, the gain

parameter constant is calculated by Kg = ﬁ.

3. Ty determination
By obtaining the frequency wy when phase is —45° in the phase curve, the parameter

constant Ty is calculated by Ty = wio

Step 1 Experimental data

Fnax Dy
v v
Step 2 Step 3
o = 1
! T 1 T, 2
Onax VS 11 /T
L

Step 4 7, 7, are obtained

Figure 5.4: Flowchart for estimating 717 and 7T5.
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Figure 5.5: Phase curve of the phase-lead system.
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Figure 5.6: Onax versus 171 /T5 .

Description 1: Expression of w,, = \/TliT
142

The transfer function of the phase-lead system G1(s) is expressed as follows:

1+Tis
Gi(s) = 1 —|—T;s (5.2)

. 1+ jwT;
Gi(jw) = 2L (5.3)

14w
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0 = /G1(jw) = tan"H(wT) — tan™H(wTy) (5.4)
Here, since when w = w,,,, the value of § becomes maximum, yields:

d . T i}

oG Uem) = TS T T o) (5:5)
Therefore, w,, becomes:
1 (56)
Wi, = .
" VI,

Description 2: The curve characteristic of 0,,,x versus 71 /T»

From the transfer function of the phase-lead system, the Oy vs. 17 /T> characteristic can be

expressed as follows:

_1+Tis
Gi(s) = s (5.7)
N O
G1(jw) = 5 T (5.8)
ZG (jw) = tan™ ! (wT1) — tan™! (WT3) (5.9)

.
VI Ty’

_ T _ /T
Omax = tan 1( i)—tan 1< ﬁ)

Table 5.3: Ty, Ts, Ty, and Ky determined by the least square method

Here since when w,, = ZG1 (jw) = Omax, Omax can be expressed as a function of % in

the following equation.

(5.10)

State of charge T T To Ky
100 % 1.08x1072 | 7.20x1073 | 3.98x10* | 3.54x102
80 % 1.06x1072 | 7.52x1073 | 3.99x10~% | 3.48x10?
60 % 9.42x1072 | 7.88x1073 | 3.58x10~* | 3.46x10?
40 % 7.54x1073 | 5.89x1072 | 3.03x10~* | 3.47x10?
20 % 1.09x1072 | 9.16x1073 | 2.86x10~* | 3.09x10?
0 % 4.52x1073 | 3.27x1073 | 2.86x10~% | 2.43x10?

The values of each parameter constants, which are obtained from the experimental results,

are listed in Table 5.3. Then, by using the parameter constants listed in Table 5.3, the transfer
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Figure 5.7: Frequency response of lead-acid battery model.
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functions of the storage battery model of each charging capacity condition are constructed. The
bode diagram of these transfer functions are compared with the experimental values as shown
in Fig. 5.7. Since the frequency characteristic of the obtained admittance reflected well the
frequency characteristic of the experimental system as shown in Fig. 5.7, the validity of the

transfer function obtaining process in this technique can be confirmed.

5.4 The equivalent circuit expression of a storage battery model

By considering the transfer function expression of the storage battery, which is obtained in the
previous section, we presume the equivalent electrical circuit that shows a same characteris-
tic. Generally, the equivalent electrical circuit with same characteristic is not unique, here, we

adopt the general equivalent electrical circuit from [29] which is shown in Fig. 5.8. This equiv-

o— }—’Tﬂﬂf\ AN R, o
Vs L R,

R, : liquid resistance R, : electric charge resistance L : battery inductance

C : element plat capacitance V, : electric motor force (EMF) of the battery

Figure 5.8: Equivalent circuit of battery.

alent circuit is the so-called Randles equivalent circuit with an additional inductance. Usually
the equivalent circuit for battery uses only the Randles equivalent circuit. Theoretically, the
equivalent circuit of Fig. 5.8 is fitted to the transfer function of Eq. (5.1). Here, inductance of
the storage battery can be said as the form of the energizing part of the storage battery. The
inductance occurs due to the existence of the wiring straps between cell element and battery

terminal/pole, and also between one cell element and the other cell element inside the battery.

5.4.1 The calculation of each electrical parameter

The terminal voltage V' of the storage battery is expressed as V = Vg + IxR (where R is the

storage battery internal resistance, and I is the charge-discharge current). The different voltage
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value Vg, which is from the electric motor force, is shown. According to the range of battery
utility, the proportion relation between the charging capacity and voltage is difference for each
state, since the resistance R changes corresponding to the charging capacity in the non-linear
shape. The terminal voltage V' and the charging capacity disappear by this proportion relation.
Therefore, it is important to verify the internal resistance R at the beginning, in such case
of grasping each parameter of the storage battery equivalent circuit precisely. The internal
admittance of the equivalent circuit, which shows it in the Fig. 5.8, is expressed in the following

equation.

B 1+ CRys
N LCR282 + (L + CRlRQ) S+ R1 + R2

G(s) (5.11)

Table 5.4: Electric circuit parameter at each state of charge

State of Charge | Rq[mQ] | Ri[m€] | C[F] | L{uH]
100 % 1.92 0.90 12.0 | 0.75

80 % 2.06 0.81 13.1 | 0.81

60 % 2.20 0.69 13.6 | 0.78

40 % 8.28 0.61 12.5 | 0.68

20 % 2.72 0.67 11.1 | 0.79

0% 3.06 1.06 4.25 | 0.85

By equating the time constants in Eq. (5.1) with the corresponding equivalent circuit pa-
rameter in Eq. (5.11), each electrical parameters of the storage battery (R1, Rz, L, C) can be
found. The result that each electrical circuit parameter was calculated from the Table 5.3 is
shown in the Table 5.4. And, it is illustrated in Fig. 5.9.

It is possible to calculate the four-electrical circuit parameter of the proposed equivalent
circuit, by using two point of frequency response that is shown in Fig. 5.3. However, since the
dispersion of the data measurement of the lead storage battery for a certain degree couldn’t be
avoided, it is not a suitable technique to obtain the precision results. Different to this classical
technique, in the proposed technique, the transfer function of battery model is obtained under
the sufficient number of data and it cope with an equivalent circuit based on the graphical
treatment, so that the influence of the dispersion is restrained low. As a result, the stable

technique and precision electrical circuit parameter of the storage battery model can be found.
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Figure 5.9: Variations of electrical circuit parameters in discharging.

5.4.2 A consideration about the change in the equivalent circuit parameter

caused by the electric discharge

Here, the physics phenomenon, which happens inside the storage battery, due to the change
in the equivalent circuit parameter caused by the electric discharge is examined. When the
electric discharge process occurs the chemical formation of the cell material is changed that the
electrolytic liquid decreases. This causes the electrodes of cell inert and then the resistances
Ry and Ry increase. This can be confirmed by the result of the Fig. 5.9. The inductance
L hardly changes when the charging capacity of battery changes. It is understood since L is

Element-plate Element-plate
— |+ — I+
— |+ — I+
— |+ —\+
— |+ — |+
. —
— |+  Discharge — [+
— |+ -+
—_ .|. —_
— |+ -+

—_— —_— PbSO,
oxidation layer

Figure 5.10: Chemical change at plate in discharging.
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constructed based on the structure of the main circuit of the battery (straps wiring between cells
and terminal pole). And, the structure doesn’t vary according to the electric discharge. The
capacitance C occurs due to the two-plate electrode place side by side in the electrolyte solution.
When the electric discharge process occurs the oxidant of PbSO4 occurs in the electrolyte
solution. This oxidant may be formed also in the electrode plate, which causes the effective
area of the electrode plate becomes narrow as illustrated in Fig. 5.10. As a result, the electric

discharge causes the capacitance C of battery decreases.

5.5 Characteristic of the combinational batteries

Since up to this time, we have examined the storage battery characteristic as a single battery, to
grasp the characteristic of large power supply system such as in electric vehicle, the characteristic
of the combinational batteries should be examined as well. In this section, the frequency
response characteristic when a storage battery is connected to a series and parallel arrangement
is measured, and a comparison with the single storage battery is presented. Since the difference
deterioration condition of each battery influences the whole characteristic of the combinational
batteries greatly, the same new storage batteries were purchased for the investigation of the

combinational batteries experimentally.

Single
battery
=
e
=
Series e
battery g
=
s
T =
M ] ................................................. ="
Parallel ’L i ¢ &
batteries L - =

B3
-------------------------------------------------

Figure 5.11: Experiment configuration.



5.5. Characteristic of the combinational batteries 121

5.5.1 Experiment configuration

As shown in Fig. 5.11, an alternating voltage is applied to the following storage battery config-
urations: a single battery, series batteries, and parallel batteries configurations, and then the
electrical frequency response of each configuration is measured. From the frequency response
characteristic of combinational batteries obtained from experimental results it was verified that
the characteristic is changed from the characteristic of a single battery. Here, the experiment
was carried out under the condition that the charging condition of each storage battery is

full-charged of 20Ah.

5.5.2 Experiment result and consideration

The appearance of the experimental system for measuring the frequency response character-
istic of the combinational batteries is shown in the Figs. 5.12(a) and 5.12(b). The frequency

response character of series and parallel combinational batteries obtained from experimental

(a) Series connected batteries. (b) Parallel connected batteries.

Figure 5.12: Photograph of series and parallel connected batteries.

results are shown in Figs. 5.13 and 5.14 respectively. In Fig. 5.13, the frequency characteristic
of the series combinational batteries obtained from experimental result is compared with the
frequency characteristic of the series combinational batteries calculated from the characteristic
of the single battery. In Fig. 5.14, the frequency characteristic of the parallel combinational bat-
teries obtained from experimental results is compared with the frequency characteristic of the
parallel combinational batteries calculated from the characteristic of the single battery. From
these results, it is noticed that the frequency characteristic of the series-parallel combinational
batteries obtained from the experimental results fit with the ones calculated from the single

battery well. In other words, it can be said that the transfer function of the combinational
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batteries expression can be obtained easily by calculating mathematically from the transfer
function of the single battery. From these results, it is confirmed that the proposed storage bat-
tery modeling technique can be applied to grasping the characteristic of the large-scale storage

battery system easily.

5.6 Summary

In such case of the use of the storage battery power supply system in the electric vehicle, which
the electrical charge-discharge process occurs frequently, to design a more high efficiency drive
system, the suitable model of the storage battery is necessary. Therefore, it is very important
to grasp the whole characteristic of the system precisely. In this chapter, based on the general
concept of the transfer function, the new modeling technique of the storage battery that using
the frequency response characteristic was proposed. Concretely, a storage battery is considered
to consist of starting electrical power and internal admittance. From the frequency character
of the experiment result, the admittance was decided to be expressed by the ”one-order delay
+ phase-lead” transfer function. The approximated time constant parameter of the storage
battery admittance was calculated using least square method from the whole frequency response
obtained from the experiment results.

Then, based on the admittance, which was obtained from this technique, the equivalent
circuit that has the same frequency characteristic was presumed, and the electrical circuit
parameter was calculated. Since the transfer function is obtained under the sufficient number
of data, based on the graphical treatment, the influence of the dispersion of the data can be
restrained low. As a result, the stable technique for obtaining the electrical circuit parameters
can be provided. Furthermore, to consider the change in the electrical circuit parameter caused
by the electric discharge, the approximated electrical circuit parameters under each charging
capacity of the storage battery (100%, 80%, ..., 0%) are calculated. It confirmed that the
resistance element and capacity element expressed in the equivalent circuit are influenced by
the change in the charging capacity, but the inductance element isn’t influenced very much.

Finally, the characteristic of the combinational batteries was examined. By using the pro-
posed technique with the general concept of the transfer function, it is possible to calculate
easily the characteristic of the combinational batteries. The electrical circuit parameter of the
combinational batteries, which are connected in series or parallel configurations, is easy to be

calculated mathematically from the character of the single battery. From now on, the effective-
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ness of the proposed model, which can be applied to the large power supply system such as an
electric vehicle, was confirmed.

The subject for future works:

e Verifying the proposed modeling technique by applying a step response and various tran-

sient responses.

e Developing the proposal modeling technique for the storage battery with the combina-

tional cases of different charging capacity and deterioration condition

e Investigating and generalizing the model of the storage battery against the deterioration

and the change in the temperature condition
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Chapter 6

Conclusions and Recommendations

This thesis studied the energy saving in electrical drive system for electric vehicle application

with a focus on the alternating-current (AC) motor that has advantage of less maintenance

than the direct-current (DC) motor. Some problems occur in attempting the energy saving in

electrical drive system are pointed out. From the results of this works, we can summary the

conclusions and some recommendations as follows:

Chapter 2

e In order to improve the output power in the high-speed motor, so that a higher kinetic

energy can be recovered by the regenerative control, a novel and simple field-weakening

scheme has been proposed.

e Disturbing the flux-producing current reference with the torque-producing current refer-

ence while the stator voltage is limited or saturated, higher voltage availability can be

provided, since the dc-bus voltage utilization is maximized (10.27% voltage boost when

Kgise = 1 and 36.47% voltage boost when Ky = 2). To prevent the noise effect, es-

*

pecially for a high-power motor application, the q-axis current reference iy,

is used as

disturbance instead of the g-axis current ¢s, and a new control for field-weakening region

IT has been proposed.

e The voltage saturation condition only occurs when a higher or maximum torque is re-

quired. The maximum torque is produced by increasing the flux-producing current as

much as possible.

e Since the PWM mode changing is not necessary, the control system construction is simple

that effects on cost reduction.
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e From the performance analysis results, the proposed field-weakening scheme was con-

firmed to guarantee its stability and the control gain selection was decided that is listed

in Table 2.5.

The implementation of another method in maximizing the dc-bus utility for improving
the torque capability in the field-weakening operation is still interesting to be investi-
gated. Furthermore, its implementation with the speed sensorless system is still open to

be studied.

Chapter 3

A modification of the full-order observer was introduced. The two equations in the state
observer equation for flux estimating are removed, since the flux value is provided by
the flux model that uses the rotor flux reference frame. And since the observer uses the

calculated flux, the lack of speed estimation due to the coupling effect was overcome.

The preliminary investigation of the motor restarting capability under the speed sensorless

motor drive system using the modified speed adaptive observer has been carried out.

In order to operate the motor restarting after coasting under the speed sensorless motor
successfully, which is the essential technology for energy saving in electrical drive system,

the following conditions should be considered.

1. Set the initial value of estimated speed greater than the initial value of actual speed

(set to be equal to the maximum operating speed).

2. The speed adaptive gains should not too large to prevent the lost adaptive capability.

The convergence time becomes slower due to the small speed adaptive gains and the high
initial value of estimated speed. To overcome this problem, a minimizing convergence time
strategy of speed estimation has been proposed. This strategy uses the gain scheduling

method based on the gradient slope of the estimated speed.

To improve the performance of the motor restarting capability under the speed sensorless
drive system, the stability analysis should be carried out for the next works. Based on the

analysis results, a strategy for minimizing the speed, flux, and torque estimations errors

should be studied.
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Chapter 4

It is pointed out that the oscillation of the electric system occurs in the PMSM drive rail-

way vehicle traction system when the light-load regenerative braking control is adopted.

To elucidate the oscillation phenomenon, the main circuit that contains a nonlinear system
is modelled by the nonlinear time-varying state equations. For analysis purpose the state
equation of a nonlinear time varying main circuit model is divided into four appropriate

operation modes (linear system).

From the location of the steady state solution (equilibrium points) of each ’Operating
Mode’ and the stability analysis results, the existence of the oscillation phenomenon when

a light-load regenerative braking control is adopted is clarified.

Based on the above-mentioned analytical results the control technique by which the os-

cillation phenomenon is controlled is proposed and verified according to the mini model.

Chapter 5

Based on the of the transfer function concept, the new modeling technique of the storage

battery that using the frequency response characteristic was proposed.

From the frequency character of the experiment result, the admittance was decided to be

expressed by the ”one-order delay + phase-lead” transfer function.

The approximated time constant parameter of the storage battery admittance was cal-
culated using least square method from the whole frequency response obtained from the

experiment results.

Since the transfer function is obtained under the sufficient number of data, based on the
graphical treatment, the influence of the dispersion of the data can be restrained low.
As a result, the stable technique for obtaining the electrical circuit parameters can be

provided.

It confirmed that the resistance element and capacity element expressed in the equivalent
circuit are influenced by the change in the charging capacity, but the inductance element

isn’t influenced very much.
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e By using the proposed technique with the general concept of the transfer function, it is
possible to calculate easily the characteristic of the combinational batteries. The electrical
circuit parameter of the combinational batteries, which are connected in series or parallel
configurations, is easy to be calculated mathematically from the character of the single

battery.

Verifying the proposed modeling technique by applying a step response and various tran-
sient responses, developing the proposal modeling technique for the storage battery with
the combinational cases of different charging capacity and deterioration condition, and
investigating and generalizing the model of the storage battery against the deterioration

and the change in the temperature condition are the challenges for the future works.
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Appendix A

General AC motor model

A.1 Transformation from three-phase model to two-phase model

Modelling motor is the most important subject to be understood in vector control theory since
the control strategy is derived from motor model. The motor model used in the present work
is the space vector model, which dynamic motor equations are expressed into two axes: the
real and imaginary axes. Therefore, the three-phase motor is transformed into its equivalent
two-phase motor. The space vector model is very closely related to the dg-model. The real
and imaginary axes of the space vector model can be considered to be the same as the dq axes.
The simplicity and compactness of the space-phasor equations make an easy understanding of
space vector model. For an example the transformation of stator-currents from the three-phase
currents into their two-phase equivalents is explained using phasor theory. Figure A.1 shows
the projections of the stator-current space phasor. The space phasor of the stator currents can
be defined as a phasor whose real part is equal to the instantaneous value of the d-axis stator
component, i,(t) , and whose imaginary part is equal to the g-axis stator current component,
ig(t) . Thus, the stator-current space vector in the stationary reference frame fixed to the stator

can be expressed as
is = ia(t) +jig(t) (A.1)

Then, the real part of stator-current is also equal to the sum of real parts of iy, i,, and i,
and the imaginary part of stator-current is also equal to the sum of imaginary parts of iy, i,

and 4, those are expressed as follows:

_ 1 1
Re(iy) = ia = K[Re(1,£8,) + Re(1,£0,) + Re(L,26.,) = K[iu = Fiv = 5iu] (A.2)
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Im(i,) = ig = K[Im(L,260,) + Im(I,20,) + Im(I,,26,,) = K[ﬁz’v - ﬁiw

Civ—Sia] (A3

K is the transformation constant, which for the power-invariant form K = \/g and for the non-

power-invariant form K = % The transformation of stator-currents from the 3-phase frame

into the 2-phase frame is expressed in the matrix form as follows:

; Loy [
o | =K o A4)
[w] 0 ¢ L] (
Im
sV (sQ)
A
1,70,

sW

Figure A.1: Projections of the stator-current space phasor.

A.2 The AC motor Model in the General Reference Frame

The motor model can be represented in any reference frame that can be fixed to stator winding,
rotor winding, stator flux, rotor flux, and magnetizing flux. Here, the motor model is derived,
which is given by voltage equations expressed in the general reference frame (xy-axis). The
generalization of reference frame makes easy to express the motor model in any reference frame.
The stator and rotor voltage equations of a symmetrical three-phase motor can be expressed in

the stationary reference frame as follows:

_ d -
Us = Rsis -, Ps A.
Us = Rgt +dt¢ (A.5)
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_ d - _
7711” = Ryir + E‘b; - jwrégﬂ (Aﬁ)

In Egs. (A.5) and (A.6), s, is, and ¢4 are the space phasor of the stator voltages, stator
currents, and stator flux linkages, respectively, and o7, i,, and @' are the space phasor of the

rotor voltages, rotor currents, and rotor flux linkages, respectively, and those are expressed as

follows:
Us = K[vsy(t) + avgy(t) + a2vsw(t)] = Usa + jUsp (A7)
is = Klisu(t) + ais(t) + a%isu(t)] = isa + jisp (A.8)
65 = Klpsu(t) + aps,(t) + a*$s,,(t)] = ¢sa + jbsp = Lsis + L, (A.9)
7 = 5, = v,q + jurg (A.10)
il = 1,09 =g + jirg (A.11)
¢l = % = Lyil + Lipis = Lpip@ 4+ Liyis = dra + jorg (A.12)
where a is a spatial operator, a = e/27/3 = —% +] %, and 6, is the rotor angle. ¥y, i,, and ¢,

are the space phasor of the rotor voltages, currents, and flux linkages, respectively, expressed

in the reference frame fixed to the rotor as follows:

Uy = K[vpu(t) + avey () + @20 (1)] = Vo + jurg (A.13)
U = K[vp(t) + avpy(t) + agvm(t)] = Ura +]jUrp (A.14)

QET = K[Qbru(t) + agbrv(t) + a2¢rw (t)] = Lrgr + Lng = Lrgr + ngse_jer = Qbra +J¢rﬁ (A15)

Equations (A.5), (A.6), (A.9), and (A.12) are representative equations of the space vector
model in the stationary reference frame fixed to the stator. If a general reference frame with
direct and quadrature axes x, y, rotating at a general instantaneous speed w, = %99 is used, as
shown in Fig. A.2, where 6, is the angle between the d-axis of the stationary reference frame

sD fixed to the stator and the real axis x of the general reference frame, then the following
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Figure A.2: Space phasor of the general reference frame.

equations define the stator current space phasor, stator voltage space phasor and stator flux

linkage space phasor in the general reference frame:

Tsg = Use %9 = vgy + jugy (A.16)
isg = ise %9 =iy + jis, (A.17)
$39 - ése_jeg = ¢sz +j¢sy <A18)

The space phasor of the rotor voltages, currents, and flux linkages expressed in the general

reference frame are defined as follows:

”D,r,g — ff]re_j(eg—er) = Urg —f—j’l)ry (A19)
Erg = gre—j(eg—er) =g + Jiry (A.20)
Qgrg = Qgreij(egier) = (Zsm’ +j¢ry (A.Ql)

Substitution of Egs. (A.16)~(A.21) into Egs. (A.5), (A.6), (A.9), and (A.12) gives the following

stator and rotor space phasor voltage equations in the general reference frame:

ﬂ59 = ngsg + qu_SSg/dt + ng(l_ssg (A.22)
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T}Tg = RT%TQ + dﬁzgrg/dt + j(wg - Wr)(grg (A.23)

where the stator and rotor flux linkages in the general reference frame can be expressed in terms

of the stator and rotor current space phasor as follows:

(Esg = Lsgsg + ngrg (A24>

érg - Lrgrg + ngsg (A25)
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Appendix B

Analysis model used in Chapter 2

B.1 Induction motor model with standard current control and

decoupling system

B.1.1 Non-linear system model

: Figp+Rs T r r
%st = [—LLPT - M]zqd + [Nwrn + L = } isq + [O_IgsRLg]qbrd
kid ki r]_s
1l + (e + (582050, 4 [ Nomlitg + [~ o] 2
. Ryig kigp+Rs r m
drisa = [-Nom — 7% ql]zsd +[- Q;’L — BN iy + [- fjgfgrm.d
kiqi ki m Ry
+ [algfgiqu [5Ls ]xsq +[3 qp] t5q + [Nw ligas + [ iz
Sbra = M= isa + [ 2 16ra + [£2 Sql]tﬁrq
%‘z’rq = [Ailfr}isq +[- f’" Sql}(brd + [__](brq
%Wm =[- ¢T(1]Z§(i + [NA/[ brdlisq + [_%}tL

L req = [—1isa + [1)i%,
d — =1l 114
atLsa [—1isq + [ hsq

d ; _ 19, 11
ditear = =77 litar + I35 185

d _ 1 19,
Elqu - [7T7d]lsq1 + [Td]lzq
d _ 17 11
dtteaz = [ Ve T 7150
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B.1.2 Linearized system model

. kigpt+Rs Ryig 2
%Alﬁd =[= dL—pLS - M]Al d + [Nwmo + T, qm}Aqu + [U]\LJRLQ]A@"d
NMe,
+ [Mhemo A g, + [Nisgo + Ttra stqw]Awm + (B Az
1:57‘7«'51.101'S 10 Rr s 1() Ryrisqo 2R7‘7's 10 kid
+1- ersdzz + Lr -4 ]A25d2 + [=Nwmo + Lriquzo T Ly dqzo ]A sql +[ p}AZ
RT s kigptRs L (1 — ; m
Aqu = [ Nwmo — . e O}A'L d +[ % - M]Al sq + [7 ]\([711\:/[“)[, O]A¢rd
e
Nw,, Rrigqois Ryig R, -
=+ Lo 2, LO]AGT g, + [ 71;00 + S A6,
5 R’V‘ T R7 s ¢T‘
3 8ra = [ME=)Adyg + (2] Ada + [ T80 A + ({2280 Adt,, + [~ P Ay
d _ [MRpA Rrilgio Ry ¢, . 5q109rdo
qiA¢rq = [ L, |Aisq + [— Ly, . ]A¢rd +[-%& L, =] Adrq + [— Tﬁ{;g]Al:ql + [W}Alsﬂ (B.2)
4 Aw = [,M]A + [M}Aisq + [%iiqo]ﬁ%d . NMlsdo]Ad,Tq +[-11at,

4 Azgq = [-1]Aigq + [1]Ad%,

4 Azog = [-1]Aisq + [1]AdE,

1A, 1 1A;
ity == 77 A + 7] AT,
d A; 1A, 1A
7801 = [ 1Ai g + (571805,
d A; 1A, 1A,
3D = [_E}Azzﬂ + [T_Q]Alzdl

B.2 System model of the previous field-weakening scheme

B.2.1 Non-linear system model

d . R Ry(l—c R ig1y s 1 MR Newypy M 1
ditsd = (— ol T;L ))l a+ (Nwm + - i *)isq + 5L ~ ¢Td + 5z UZ: ¢rq + oL V3d
. R 1
U;d + kidpkvpv;kg = 7kidpzsd + kigitsqd + k'z‘dpkvil"u oLs Nwmzsql U'LS Ry quz _ kidpkvp@';? + kidpkvpvz2
Ryi} R, +k Rr(1-0) NMw MR
dtzsq =[-Nwm — 1~ 7’5 Ligg + [~ b — T(,L Ji sq+[* GLSLT]¢7'd+[UL5LTg}¢rq

+ [5 )wsq + [Nwmlity, + [M}

. — m e k; .
edi ;ql [(l U)Nw,n]l:d2 [ qp]Z:q
(B.3)
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Frwsa = [isa + [kvilzo + [—koplvi + [—koplvis + [kop) (v2?)
d _ . -
datTsq = [_1}154 + [1]7'sq
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B.3.2 Linearized system model
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B.4.2 Linearized system model
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