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Abstract

Due to the increase in demand of energy, new technologies have evolved to improve energy
efficiency like regenerative braking. In this thesis, the energy storage device, battery, with
converters and IM are used to analyze regenerative braking. Using only battery and IM iseasy in
control but adding converters result in a better performance. The analysis is performed using
vector control method and MATLAB SIMULINK as simulation tool. The results show that the
desired energy saving (around 500Watt) can be obtained during regenerative braking. An
experimental analysis using Texas instruments Digital Signal Processor C2000 F28035 was
performed. The torque producing current component, the dc bus voltage and decelerating speed
has been analyzed during regenerative braking mode. From the experiment the torque producing
current component becomes negative when regeneration starts. To anayze the time needed for
the motor to stop two experiments have done. The result demonstrates that the braking time
during regenerative braking is shorter than that of free fall. During regenerative braking the dc
bus voltage was supposed to increase however due to the small inertia of the motor the voltage
increase was not observed. But by adding additional disk to IM, the inertia of the motor was

increased and energy regeneration was observed.

Keywor ds. Regenerative braking, Energy regeneration, Vector control, Sensorless
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Chapter One
Introduction

1.1 Research Background

Regenerative braking refers to a process in which a portion of kinetic energy of the vehicle is
stored by short term storage system or fed back to electrica system. Conventional braking
systems convert kinetic energy into heat, usually via friction. This wastes a great amount of
energy. Regenerative braking systems reclaim in storing the kinetic energy in a reusable manner.
The main advantages of regenerative braking systems can be summarized as improved fuel

economy, improved performance and Energy saving [1].

Vector control is becoming the industrial standard for induction motor control. The vector
control technique decouples the two components of stator current space vector: one providing the
control of flux and the other providing the control of torque. The two components are defined in
the synchronously rotating reference frame. With the help of this control technique the induction
motor can replace a separately excited dc motor. The vector control technique is therefore a
better solution so that the control on flux and torque become independent from each other and
the induction motor is transformed from a non-linear to linear control plant. With the advent of
field oriented control; the induction motor has become an attractive option. Vector contral is the
main reason for regenerative braking to work below synchronous speed. Vector control can be

classified as direct vector control and indirect vector control [2][3][4][5].

For control of IM a number of Pulse Width Modulation (PWM) schemes are used for vector
control method. The most commonly used PWM schemes for three-phase voltage source
inverters (VSI) are sinusoidad PWM (SPWM) and space vector PWM (SVPWM). Using space
vector PWM (SVPWM) has advantage over other PWM schemes because it reduces harmonic
content in voltage, Increase fundamental output voltage by 15% & smooth control of IM [6].

In this thesis a sensorless direct vector control method with Space Vector Pulse Width
Modulation Technique (SVPWM) has been used.



Many modern electric drive vehicles including e ectric locomotives and HEV s have regenerative
braking systems. The total amount of energy lost in this way depends on how often, how hard
and how long the brakes are applied. One of the major area of research aims to develop strategies
in order to increase the regeneration of power being wasted during braking. It increases
efficiency of electric vehicle by saving of waste energy. In regenerative braking mode of electric
vehicle the kinetic energy of wheels is converted into electricity and stored in batteries or

capacitors.

This method is improved by using flywheel, DC-DC converter, ultra-capacitor as well as super
capacitor [1][7][8].

In this thesis NIMH battery is connected to a bidirectional DC-DC converter in ssmulation. Asin
the case of motoring, the motor gets power from the battery and during regenerative braking the
battery is charged by the power from the motor which used as generator to convert the kinetic
energy of the motor to electrical energy and using power electronic device the ac power become
converted to dc and store in the battery. Regenerative braking system and energy balance during

regeneration are also analyzed.



1.2 Statement of the Problem

Although mechanical braking is a reliable braking method being used since the advent of
vehicles, it dissipates the kinetic energy of the wheels. Electrical braking is an effective method
which can be implemented along with the hydraulic braking for stop and go drive strategy in
busy traffic. Plug braking and regenerative braking are two important methods of braking
employed by the use of electric traction motor in EVSHEVs. The method of plugging is efficient
enough in terms of its fastness, but there was no regeneration of the kinetic energy into the
battery during the process of braking. Due to the cost increasing in fuel products energy saving
mechanism was necessary. Greenhouse effect was aso another reason for efficient energy
mechanism to be deployed. There in the concept of regenerative braking was evoked. During the
process of regenerative braking, power is adaptively restored into the battery which improves the
overall energy efficiency.



1.3 Literature Review

When a conventional vehicle applies its brakes, kinetic energy is converted to heat as friction
between the brake pads and wheels. This energy is carries away in the airstream and energy is
effectively wasted. Regenerative braking refers to a process in which a portion of kinetic energy
of the vehicle is stored by short term storage system or fed back to the power supply. Energy
normally dissipated in the brakesis directed by a power transmission system to the energy stored

during deceleration.

The main advantages of regenerative braking systems can be summarized
Improved fuel economy

Improved performance

Energy saving

The possible disadvantages of regenerative braking systems can be
Complex control system

Cost

Noise: dependent on the system [1].

With Regenerative Braking Systems (RBS) it is possible to slow a vehicle down by converting
its kinetic energy into electric energy, which can be either used immediately or stored until
needed. This contrasts with conventional braking systems, where the excess kinetic energy is
converted into heat by friction and wasted into the environment. In regenerative braking system
of a HEV, the power electronics are controlled such that the traction motor operates as a
generator to provide negative torque on the wheels and to produce el ectric energy [9][10].

The basic theory of solid-state slip-power-recovery systems is now well established. One of the
disadvantages of such systems has been the lack of a suitable method of regenerative braking:
this is frequently an important requirement for many applications. There are two methods of



incorporating regenerative braking in dlip-power recovery systems. One method requires a
separate source of direct current and is called the 'separately excited' regenerative brake; the
second method employs direct current from the d.c. link in the system and is called the self-
excited system [11].

As discussed above in regenerative braking mode of electric vehicle the kinetic energy of wheels
and vehicle mass is converted into electricity and stored in batteries or capacitors. This method is
improved by using flywheel, DC-DC converter, ultra-capacitor as well as super capacitor which
significantly improve the rate of energy regeneration [7][8][12][13].

To achieve maximum energy recuperation it is advised to combine a regenerative braking with a
conventional frictional braking system in an optimal way. Studies shows that in a vehicle with
active regenerative braking control, a significant amount of braking energy can be recovered, and
the brake system does not need much changing from the brake systems of conventiona

passenger cars[14].



1.4 Objective

General Objective: the aim of this research is to model, simulate and analyze regenerative

braking of an induction motor.
Specific Objective: The research objective focuses:
To model energy storage mechanism
To analyze different aspects during regenerative braking
To develop mathematical model of energy balance during regeneration

To demonstrate basic concepts of regenerative braking using C2000 kit



1.5 Methodology

A vector control method is more efficient method in controlling the torque of an induction motor.
Here direct field oriented control is used to control the torque and flux of induction motor. The
speed and flux of IM are estimated using open loop speed estimator and voltage and current
model based flux estimator. SVPWM technique is used for the PWM scheme in order to reduce
the harmonics content in voltage.

A simulink model using Matlab simulink was developed for the system. The simulink model
uses a battery model as a source and connect it to voltage source inverter through a bidirectional
DC to DC converter then to IM. The simulink analysis of the overal system without a

bidirectional dc/dc converter was compared to that of with a bidirectional dc/dc converter.

Using C2000 kit and reusable ¢ code demonstration of braking has been analyzed. The
different output waveforms for rotor angular velocity, the different values of torque producing
current component i,; and capacitor bank voltage were measured and analyzed to provide the
demonstration of regenerative braking, and to gain some understanding of the dynamics within
the regenerative braking process. In the experimental system the kit do not have a bidirectional
dc to dc converter to see the generated back emf voltage during regenerative braking that is the
increase in dc bus voltage. Therefore in this thesis an effort is made to demonstrate some basic
concepts of regenerative braking by analyzing the torgue producing current component and the
dc bus voltage with decelerating speed and the comparison of time taken to brake a motor in

regenerative mode and free fall.



1.6 Thesis Outline

Thisthesis contains five chapters.

Chapter | give an introductory preference to the thesis. The research background of the thesisis
presented which motivated the researcher towards research objectives in field of regenerative
braking of induction machine.

Chapter 11 provides Dynamic induction motor theory, energy storage mechanism, bidirectional
dc-dc converter and equations used to mathematically describe the motor’s behavior within this
experiment. It also describes the mathematical expressions of each blocks used in the ssmulation
and experiment.

Chapter 111 covers the regenerative braking analysis of IM. This includes different braking
techniques, power system analysis during braking are discussed here.

Chapters IV contain overall system analysis, ssimulation and experimental results. It also contains
limitations during experimentation.

Chapter V concludes the thesis with the information gained from the research, and provides

recommendations for future follow on research in the development regenerative braking system.




Chapter Two
Induction Motor Drive

2.1Dynamic Model of Induction M otor

The control of an induction motor can be made similar to that of a DC machine with vector
control technique, where it is possible to have independent control of flux and torque. In order to
achieve it the mathematical model of the motor in a rotating reference frame has to be
synchronized either to the stator, air gap or rotor flux vector. For this one should know the angle

of the stator, air gap or rotor flux vector along with their magnitude [15].

The dynamic model of induction motor for rotor flux oriented vector control application can be

written as follows

- —Rs —Lm w,Lm
oLs "¢ LroLs® LroLs Vde]
idg, —Rs —w,Lm —Lm idge oLs
. iqse | _ We'sLs LroLs LroLs® || idse + | Vse
Adye _lﬂ 0 _—1W Adye olLs
AQre Tr il st AQre 0
Lm -1 i 0 |
0 W

1)
Where id,, and ig,.are the stator currents and Ad,. and Aq,.the rotor fluxesin d, — g.frame.
SimilarlyR;,Ls, R, and L,are the stator phase winding résistance, stator self-inductance, rotor

winding resistance and the rotor self-inductance. The rotor time constant is given as T,=L,./

2
R,and leakage inductance is oLywhere cs=L-(Lm / L.L.)
ST

For rotor flux oriented control the rotor flux A,is directed along the d-axis and is equal to

Ad,-.and therefore Aq,..=0.Thus equation (1a) modifies as shown below



- —Rs —Lm 7

w 0 vdg,T
id oLs "¢ LroLs? id L
iqse —Rs —WeLm 0 iq.‘i‘e gé,S
p, = We sLs LroLs ==
/’ldre - /’ldre oLs
Lm 1
0 — 0 —_— olL O 0
Tr Tr L o |
L0 0 0 0
(2)
From equation (1b) it can be seen that the d. — g.axis voltage are coupled by the terms
Vydecoupling= —oLW,iqge (3
Vydecoupling=oLsw,idg, + L:m WeAd, e (4)
The electromagnetic torque equation of a rotor flux oriented is given as
3P Ly .
T, = EEL_? iqseAdye (5)
AlsoT, = T; + 222 + Bw, (6)

Where T;,/, B and w,are the load torque, moment of inertia, coefficient of friction and rotor
speed respectively. From equation (2e) and (2f) the transfer function of the speed controller is
given as

T—e: B (7)

2.2 Field Oriented Control

A simple control such asthe V/Hz strategy has limitations on the performance. To achieve better
dynamic performance, a more complex control scheme needs to be applied, to control the
induction motor. The advanced control strategy, which use mathematical transformations in
order to decouple the torque generation and the magnetization functions in an AC induction
motor is commonly called rotor flux oriented control, or simply Field Oriented Control (FOC).

10



The Field Orientated Control consists of controlling the stator currents represented by a vector.
This control is based on projections which transform a three phase time and speed dependent
system into a two co-ordinate (d and g co-ordinates) time invariant system. These projections
lead to a structure similar to that of a DC machine control. Field orientated controlled machines
need two constants as input references: the torque component (aligned with the g co-ordinate)
and the flux component (aligned with d co-ordinate). As Field Orientated Control is ssmply
based on projections the control structure handles instantaneous electrical quantities. This makes
the control accurate in every working operation (steady state and transient) and independent of
the limited bandwidth mathematical model.

By maintaining the amplitude of the rotor flux A, at a fixed value we have a linear relationship
between torque and torque component (is, ). We can then control the torque by controlling the
torque component of stator current vector [16]. Field oriented control can be classified as
Indirect field oriented control (IFOC) and Direct field oriented control (DFOC).

In indirect vector control technique, the rotor position is calculated from the speed feedback
signal of the motor. This technique eliminates most of the problems, which are associated with

the flux sensors as they are absent [3][17].

Direct vector control method determines the magnitude and position of the rotor flux vector by
direct flux measurement or estimation. The flux is measured by the sensors like Hall Effect
sensor, search coil and thisis a part of the disadvantages. Because fixing of number of sensorsis
atedious job and this increases the cost factor [3].The quantities generated from flux sensors are
used in the outer loop of the drive control structure.

Alternatively, in place of flux sensors, the flux models can aso be used for which the stator
currents and voltages become the feedback signals and the rotor flux angle is given as its
estimated output.

In this thesis sensorless direct field oriented control is used. The torque and the flux are
controlled with PI controller. Since in direct field oriented control the estimation of the rotor
position is necessary in this thesis both voltage and current model flux estimation technique is

used. The speed is estimated using an open loop speed estimator.

11



2.3 Energy Storage Mechanism

The energy storage system stores energy generated during braking and discharges it when the
motor accelerates. It also stabilizes the system voltage. There are different energy storage units

such as super capacitors, batteries and flywheel.

Super capacitors are electrochemical capacitors that have an unusually high energy density when
compared to common capacitors, typically on the order of thousands of times greater than a high

capacity electrolytic capacitor. They can be used to applications normally reserved for batteries.

Battery Model

For the purpose of EVs and HEV's, batteries are the primary means of energy storage. In the use
of HEVs, rechargeable batteries are used which deliver energy to the machine
system(discharging) while cruising, accept energy from the system (charging) during
regenerative braking and also store energy when not in use(storage). For the application in
automobile industries, batteries should be efficient in terms of specific power, specific energy,

efficiency, safety, cost, maintenance requirement and environmental adaptability [18].

The two primary modeling strategies for the battery are the circuit oriented modeling and the
mathematical modeling. Circuit oriented battery models use a combination of voltage and current
sources, resistors and capacitors to model the battery performance. The various basic forms

include the

1. Thevenin Based Model
2. Impedance Based Model
3. Runtime Based Model

However, such models are complicated enough to determine battery parameters and the state of
charge of the battery in account for variations between the charge and the discharge state which
requires two opposing diodes. This makes the system even more complex. The mathematical
modeling is based on Shepherd equation and Peukerts model. The voltage —current model
describing the change of the termina voltage with respect to current is the most vital sub model.

This model usually starts from the basic Shepherd Equation and then the relation is improved to

12



fit to the charge and discharge curve. Here Mathematical model of the Nickel-Metal-Hydride
battery which is most widely used for applicationsin EVs and HEV s has been used.

The battery voltage, the battery current, battery power and the state of charge (SOC) of the
battery are chosen as state variables to depict the performance of the battery both during the

charging and the discharging phenomenon.

The Shepherd model describes the electrochemical behavior of the battery in terms of the
termina voltage, open circuit voltage, interna resistance, discharge current and state of charge
[18]. This model is well defined for both the charge and discharge characteristics. The
mathematical model based on Shepherd model available in Matlab/SimPowerSystems for Nickel
Metal Hydride model has been used.

Charge model
S 0 . . _1 [Exp() 1

(I*<0):Ep — K * i omeg ¥ 1 * ~h g * it + Laplace [Sei(s) s]
Discharge model
% . — Q - r =1 _Exp_(SJ

(i*>0):Ey — K * T k g’ it + Laplace [Sei(s) .0]

The following assumptions are made in the modeling of the battery

During both charging and discharging the internal resistance remains constant and
independent of the amplitude of the current

The parameters are extracted from the discharge characteristics and are assumed to
remain the same for charging.

The battery capacity remains independent of the amplitude of the current (No Peukert
effect).

The temperature has no effect on the behavior of the model

The self-discharge of the battery is not represented

There is no memory effect on the model

The following are the limitations in the design of the battery model

13



The minimum no load battery voltage is 0 V and the maximum voltageis2*E, V.
The minimum capacity of the battery is 0 Ah and the maximum capacity is Q.
The maximum SOC cannot be greater than 100% if the battery is over-charged.

A Nickel Meta-Hydride has been used as the energy source for this thesis work. Taking a
battery with nominal voltage = 1.2V, rated capacity = 6.5 Ah and battery response time of 30s as

given in[18] the discharge curve is used to extract the parameters E,,, R, K, A and B

Where E,=1.2816VR=0.002K=0.0014A=0.111B=2.3077

2.4 Speed and Flux Estimation of Three Phase Induction Motor

Speed Estimation
Description: This block implements a speed estimator of the 3-ph induction motor based upon

its mathematical model. The estimator’s accuracy relies heavily on knowledge of critical motor

parameters

The open-loop speed estimator is derived basing on the mathematical equations of induction
motor in the stationary reference frame. The precise values of machine parameters are
unavoidably required; otherwise the steady-state speed error may happen. However, the structure
of the estimator is much simple comparing with other advanced techniques [19].All equations
represented here are in the stationary reference frame (with superscript “s”). Firstly, the rotor

flux linkage equations can be shown as below:
)‘drs:Lridrs—"Lmidss (1)
/’lqrs =L, iqrs+Lmiqss 2

where L, and L,, are rotor, and magnetizing inductance (H), respectively.

According to Equations (1)-(2), the rotor currents can be expressed as
P | 5 ;
lar = Z:(;{drb 'Lmldss) (3)

. 1 .
Lqrs = L_r(/’lqrs = Lmlqss) (4)

14



Secondly, the rotor voltage equations are used to find the rotor flux Linkage dynamics

dldrs

— .S s
0= erdr + wr}lqr' dt (5)
, ddgr®
0= erqrs : wradrs T dq; (6)

where w,- is electricaly angular velocity of rotor (rad/sec), and R, is rotor resistance (Q).
Substituting the rotor currents from Equations (3)-(4) into Equations (5)-(6), then the rotor flux
linkage dynamics can be found as

dAgy’ 1 s, Lm, s s
= e i A 7
dt T, dr 7, as ritqr ( )
ddqS 1 L
gr__ 1 s m. S _ s
B Bty Agr™ + e igs. — Wrlgr €))

Ly, :
Wheret, = s rotor time constant (sec).
T

Suppose that the rotor flux linkages in Equations (7)-(8) are known, therefore, its magnitude and

angle can be computed as

S = ﬁmz ()2 ©)
0, = tan™ L) (10)

Next, the rotor flux (i.e., synchronous) speed;w, can be easily calculated by derivative of the

rotor flux angle in Equation (10).

1 aqfs
do; dtan (I—s“)

— ; p— dr
We =g = dt (11)

Referring to the derivative table, Equation (11) can be solved as

d(tan™uw) 1 du
dt T 14u? dt

(12)
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Where u— = ylelds

s[dAgr d)ld
_ d0 _ (Adr*‘)z,’ldf( a ) o e 13
€T dt T A52" (Aar®)? (13)
Substituting Equations (7)-(8) into Equation (13), and rearranging, then finally it gives
doy 1 .
We = dtr = W, +(,l 27 (;ldr lqs = Aqrsldss) (14)

The second term of the right hand in Equation (14) is known as slip that is proportional to the
electromagnetic torque when the rotor fiux magnitude is maintaining constant. The
electromagnetic torque can be shown here for convenience.

3p Ly .
Te 22 o (Adr lqs _Aqrsldss) (15)

where p isthe number of poles. Thus, the rotor speed can be found as

1

“r = %™ a5

I;_T(Adrsiqss'lqrsidss) (16)

Now, the per-unit concept is applied to Equation (16), then, Equation (16) becomes

1 (Aar, % S, u —A T, usfd_, 4|
rpu lgsp qrpu dspu) (17)

w = w -
R R e, -

Wherewp, =211 fpis the base electricaly angular velocity (rad/sec), A, = Ly, Ipis the base flux

linkage (volt.sex), and I, is the base current (amp). Equivalently, another formis

('ld“r,puSiqs,pus""lqr,pusids,pus)
KI( (Ar’pus)z )pu (18)

Wrpy = Wepu —

Where K1=w "
blr

The per-unit synchronous speed can be calculated as
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w 1 dg)'{r idelr'pu
€PU  onf, dt fp dt

where f;, is the base electrical (supplied) frequency (Hz) and 2m is the base angle (rad).

Discretizing Equation (19) by using the backward approximation, yields

i{elr,pu (k) =62, py, (K—=1)
b T

We pu (k) = Jpu

where T isthe sampling period (sec). Equivalently, another form is

We pu (k) = kz(g,lr_pu (k) — g.lr_pu (k — 1)pu

Where k, = fiTis usualy alarge number.
b

(19)

(20)

(21)

In practice, the typical waveforms of the rotor flux angle, 6, puin both directions can be seen in

Figure 1. To take care the discontinuity of angle from 360° to 0° (CCW) or from 0° to 360°

(CW), the differentiator is simply operated only within the differentiable range as seen in this

Figure 1. This differentiable range does not significantly lose the information to compute the

estimated speed.

e, (pul

1.0
DHFF_ b LINET

|
]
-
|
II
DIEF_ MR LIRATT e PR e P FEN A N R T M IR T P )
=R i -_ir:k

a, (pa)
1.0
DHFF_ A L IRET

Counterclockwise Direction

CHEF_ RPN LIRAIT
[ ]

Mote that 8, =1.0pn =360degree

Figurel: The waveforms of rotor flux angle in both directions[19]

Drifferentiable
Clockwise Direction Vi Range

In addition, the synchronous speed in Equation (21) is necessary to be filtered out by a low-pass

filter in order to reduce the amplifying noise generated by the pure differentiator in Equation

(21). A simple 1st-order low-pass filter is used.The actual synchronous speed to be used is the

17



output of the low-pass fiIterm“e,pu, seen in following equation. The continuous-time equation of

1st-order low-passfilter is as

d(UA 5 1 A
_diﬂ = T_L (we,pu —w e,pu) (22)

2;)( is the low-pass filter time constant (sec), and f. is the cut-off frequency (Hz).

C

Wheret,. =

Using backward approximation, thert Equation (22) finally becomes

wﬂe,pu(k) = k3wne,pu(k -+ k4we,pu(k)pu (23)

T~
—andk ,=
Te+T

Where k3=

— In fact, only three Equations (18), (21), and (23) are mainly

employed to compute the estimated speed in per-unit.

Flux Estimation

Description: This block implements the flux estimator with the rotor flux angle for the 3-ph
induction motor based upon the integral of back emf’s (voltage model) approach.
Continuous Time:

Firstly, the rotor flux linkage dynamics in synchronously rotating reference frame (w = w, =

wy,) can be shown as below:

dpar®™ _ Lm 1 i i
d; = f ldse . Z')bdre l +(we"mr)¢qre l (1)

difir™ B 1 i i
dq: = T_m lqse 5 T_wqre l +(CU€ ~Wy )wdre l (2)
T T

where L,,, is the magnetizing inductance (H), rr=—;1 is the rotor time constant (sec), and w;, is the

electrically angular velocity of rotor (rad/sec)[19].
In the current model, total rotor flux linkage is aigned into the d-axis component, which is
modeled by the stator currents, thus
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wre’i = wdreji and wqre’i =0 (3)

Substituti ngwqre’i =0 into Equations (1)-(2), yields the oriented rotor flux dynamics are

dvar®t Ly . 1 i
_(:t_ = 'T':ldse - ;wdrEI (4)
wqre’l =0 (5)

Note that Equation (4) and (5) are the classica rotor flux vector control equations. Then, the
rotor flux linkages in Equation (4)-(5) are transformed into the stationary reference frame

performed by inverse park transformation.
Yar™t = Par® cos By — Py, sin By, = 1Pg, " cos By, (6)
wqrs’i = wdre‘i sin 8y, + wqre’i cos By, = wdre‘i sin 0y, (7)
Where 8, isthe rotor flux angle (rad).

Then, the stator flux linkages in stationary reference frame are computed from the rotor flux

linkages in Equation (6)-~(7)

] ' . LeLy—Lm?2. . 15 :
]abdss’l = ledss + Lmldrs =( : rLT - )Ld.ss o L_mwdrs’l (8)
] T
- i ' LsLy—Lm?®, . L i
qus’I e leqss + Lmlqrs =( %)lqss + f'wqr“ 9)

WhereL ¢ and L,-are the stator and rotor self inductance (H), respectively.

Next, the stator flux linkage in the voltage model is computed by means of back emf’s

integration with compensated voltages.
wdss’v = f(udss ~ilge R — ucomp,ds)dt (10)
qus,v — f(uqss o iqss Rs e ucomp,qs)dt (11)
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where R, is the stator resistance (Q), ugs®, uqssare stationary dg-axis stator voltages, and the

compensated voltages are computed by the PI control law as follows:

Ucomp,ds = Kp(lpdssxv . wdss,t) H 'ﬁf(’mbdssxv ik wdss’l)dt (12)

Ucomp,qs = Kp(lpqss’v - qus’l) + ?fgf(qus,v - qus’l)dt (13)

The proportional gain K,, and the reset time T, are chosen such that the flux linkages computed
by current model is dominant at low speed because the back emf’s computed by the voltage
model are extremely low at this speed range (even zero back emf’s at zero speed). While at high
speed range, the flux linkages computed by voltage model is dominant[19].

Once the stator flux linkages in Equation (10)-(11) are calculated, the rotor flux linkages based
on the voltage model are further computed, by tearranging Equation (8)-(9), as

| Ly

Yar " = == )ias” + 7 Pas (14)
L L,, Lm?

Yor ¥ = — (= )igs + qu (15)

Then, the rotor ‘lux angle based on the voltage model isfinally computed as

_1 e
0, = tan (s
¥r an (l.bdrs'v

) (16)

Discrete Time:

The oriented rotor flux dynamics in Equation (4) is discretized by using backward approximation

as follows:

Yar " (O=Yar® (k=1 _ Lm 1 i
L ias (k) = —ar ' (k) (17)

where T isthe sampling period (sec). Rearranging (17), then it gives

War " (k) = (=) a " (k

T+T

°(k) (18)
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Next, the stator flux linkages in Equation (10)-(11) are discretized by using trapezoidal (or

tustin) approximation as
Pas™ (k) = has™ (k — 1) + ~(eas* (k) + eqs* (k — 1)) (19)

T.
qus,v(k) = qus,v(k - 1) + E(eqss(k) 2 eqss(k - 1)) (20)
where the back emf’s are computed as

edss(k) = udss(k) - idss(k)Rs o ucomp,ds (k) (21)

eqss(k) = uqss(k) = iqss(k)Rs — Ucomp,gs (k) (22)

Similarly, the Pl control iaws in Equation (12)-(13) are also discretized by using trapezoidal

approxXimatior as

u-comp,ds (k) = Kp(wdss’v (k) - wa‘ss’i(k)) + ucomp.ds,i(k - 1) (23)

Ucomp,qs (k) — Kp(qus’v (k) = qus’i(k)) = ucomp,qs,i(k - 1) (24)

where the accumulating integral terms are as
KT s,V s,i
ucomp,ds,i(k) = ucomp‘ds,i(k T 1) + Tl(wds (k) - I.bds (k))
= Ucompasi(k = 1) + KpKi(has™ (k) = has™ () (25)
— KpT s,V s,
ucomp,qs,i(k) = ucomp,qs,i(k - 1) + Ti(qu (k) - l.bqs (k))

= Ucomp.qsi (K — 1) + KpKi(hgs™ (k) — Pgs™ (k) (26)
Where K. 1%
I

Discrete Time and Per Unit

21



Now all equations are normalized into the per-unit by the specified base quantities. Firstly, the
rotor flux linkage in current mode! in Equation (18) is nrormalized by dividing the base flux
linkage as

wdr pue l( ) ( )wdr pue l(k = 1) + ( )"—ds pu (k)pu (27)

Ty+T

Wherey, = L, 1} is the base flux linkage (volt.sec) and I, is the base current (amp).

Next, the stator flux linkages in the current model in Equation (8)-(9) are similarly normalized by
dividing the base flux linkage as

1/)ds pu“(k) = ('ESLT—') Las ,pu (k) + lpdr pu“(k) pu (28)
Y™ 00 = (25 i 500 + 22 gy () pu 29)

Then, the back emf’s in Equation (21)-(22) are normalized by dividing the base phase voltage V,

IpRg

eds_.pus(k) = uas,pus(k) i l':ats.;cvus('k)‘r"s _ucomp,ds,pu(k) (30)

IpRg,, .
eqs,pus(k) = uqs,pus(k) = _%*lqs,pus(k)Rs — Ucomp,gs,pu (k) (31)

Next, the stator flux linkaoes in the voltage model in Equation (19)-(20) are divided by the base

flux linkage.
VpT €eds, u’ (k)+e s, u’(k—1)
lpds,pus’v(k) — Ipds,pus’v(k == 1) + L:*:jfb ( L zd . ) (32)
VT easpu’ (k)+egspy’ (k—1)
qu pusv(k) = qupusv(k = 1) + 2 ( =L zq & ) (33)

Similar to Equation (28)-(29), the normalized rotor flux linkages in voltage model are

LLrL

wdr,pus’v(k) - ( ) ds,pu (k) + 1wpa!s pusv(k) (34)
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LLr Lm

wqr.pus’v(k) = _( ) qs,pu (k) + qu pusv(k)

Inconclusion, the discrete-time, per-unit equations are rewritten in terms of constants.

Current model —rotor flux linkage in synchronously rotating reference frame (W=wy, )

wdr,pue’i(k) o Klwdr.pue’i(k = 1) + Kzids,pue(k)pu

T
Tr+T

Where K; =

Current model —rotor flux linkages in the stationary reference frame (0=0)

lpds,puSJi(k) — K4ids,pus(k)+ K3wdr,pus’i(k)pu

Yaspu” (0) = Kayigspu” )+ Ksthgr ™ (k) pu

LsLy—

WhereK3 = qu_ T

Voltage model —back emf’s in the stationary reference frame (©=0)
Y H Srl-
eds,pus(l‘) = uds,pus(k) - KS"'ds,pu (E)— ucomp,ds,pu(k)Pu

eqs,pus(k) = uqs,pus(k) = KS iqs,pus(k) — Ucomp,gs,pu (k)pu

IpR
WhereK: = —
Vb

Voltage model - stator flux linkages in the stationary reference frame (0=0)

€ds pus(k) +eds,pus(k_1)

lpds.puS'v(k) = wds.pus'v(k —1) + K¢ (— 5 ) pu

spu” () +egspy’ (k—1)
qu,PuS'v (k) = l.L'q*s,].ms’v (k—1)+ Ka(eq . 2q p ) pu
Where Kg = V";;

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)
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Voltage model —rotor flux linkages in the stationary reference frame (w=0)

ltbd?“,;c;nr.a L (k) = _K8ids,pus + K?d’ds,pus’v(k)pu (43)
wqr,pus’v (k) = _KS iqs,pus es Kﬂbqs,pu&v(k)pu (44)
Where K, :L'“—;andl{8 =%i‘:n—’“

Voltage model — rotor flux angle

Yarpu®” (k)

1 o
gl‘br'pu (k) = Etan l(wdr,pus'v(k)) pu (45)

Notice that the rotor flux angle is computed by a look-up table of 0-45 degree with 256
entries.
In fact, Equations (36)-(44) are mainly employed to compute the estimated flux linkages in per-

unit.

2.5Transformation Mechanisms

Clarke Transform
Description:Converts balanced three phase quantities into balanced two phase quadrature
quantities[19].

Here it is assumed that all three phases are balanced ( i.e. i, +ip +i. = 0) and they have

positive sequence (ABC) as follows:

I, =1 * cos (wt) (1)
Iy, =1 * cos (wt — 211/3) (2
I. =1 % cos (wt — 4I1/3) (3)

This macro implements the following equations:
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Ip = I, (4)

Ig=(21, + 1) /\3 ()
Which result in

lo = I * cos (wt) (6)
Ig = I * sin (wt) (7)

This transformation converts balanced three phase quantities into balanced two phase quadrature

guantities as shown in figure below.

3-phase Quadrature: 2-phase
rF 9
tia Ic _’l "'_ la 1B
s -. iy / 7
L / \ /\ N\
YERY i ,. [
{ “l Irl'ni ll‘1 'II I". II[ I = I o II.I IIII IIIII |
o 1y -\ n —_— | / \ /
o Lo — ;' — b CLARKE | |5 [of \ \ |
/! \ A .'I l.:- \ 1 Vg . | > | | \
TART GARY /
oo/ | /
WA L A
A o \J" \Y /

Figure 2 Clarke transforms[ 19]

Inverse Park Transform
Description: This transformation projects vectors in orthogona rotating reference frame into

two phase orthogonal stationary frame[19].
It Implements the following cquations:
Iqg = Ip * cosO — Iy * sinf (@h)]

Iy = Ip *sinf + Iy * cosf 2
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Figure 3. Inverse park transform[19]

Park Transform

Description:This transformation converts vectors in balanced 2-phase orthogona stationary

system into orthogonal rotating reference frame[19].

It Implements the following equations:
Ip = Ig * cosB + Ig * sinf (1)
Ig = —Ig * sinf + Ig * cos@ 2

This transformation converts vectors in 2-phase orthogonal stationary system into the rotating

reference frame as shown in figure below:

I~ co=

s

Figure 4. Park transform[19]

The instantaneous input quantities are defined by the following equations:

I, =1 * cos (wt) (3)
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Ig = I * sin (wt) (4)

Bidirectional DC to DC Converter

The DC/DC converter is used to provide a regulated dc voltage at higher level to the
inverter and to control power flow to and from the motor during motoring and generating modes
respectively. Generally DC/DC converter has some functions. These are convert a DC input
voltage into a DC output voltage, regulate the DC output voltage against load and line variations,
reduce the AC voltage ripple on the DC output voltage below the required level, provide
isolation between the input source and the load if required and protect the supplied system and
the input source from electromagnetic interference. The power converter for battery energy
storage can be ssimply designed with a PWM converter with 3-phase transformer. This converter
has simple structure and high efficiency, but the harmonic level of output current increases when
the modulation index of PWM converter is low. So, the operation range of battery voltage is
narrow, and the flexibility of current control is small [20][21]. In order to solve these weak
points, a Bidirectiona DC-DC converter was inserted between the 3-phase SVPWM inverter and
the battery for this thesis. The DC-DC converter for charging and discharging the battery
requires stable power control, highly efficient power conversion, and reliable power transfer
regardless the voltage variation in battery. The insertion of DC-DC converter between the
inverter and the battery can offer wider operation range and more flexible control.

The bidirectional dc-dc converter block controls the dc bus voltage and the charging and
discharging current of the battery operates with a fixed duty ratio. The dc bus voltage is

controlled using Pl controller.

Phase Voltage Reconstruction

Description: This block calculates three phase voltages impressing to the 3-ph electric motor
(i.e., induction) by using the conventional voltage-source inverter. Three phase voltages can be
reconstructed from the DC-bus voltage and three switching functions of the upper power
switching devices in the inverter. In addition, this block also includes the Clarke transformation
changing from three phase voltages into two stationary dg-axis phase voltages.
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The phase voltage of a general 3-ph motor (V,,,.Vp, andV,, ) can be calculated from the DC-bus
voltage (V;.) and three upper switching functions of inverter(S;.S, andS;)[19]. The 3-ph
windings of motor are connected as the Y connection without a neutrai return path (or 3-ph, 3-

wire system). The overall system can be shown in Figure 5.

+
" s -1 s ~ S; . 3-ph motor

W, — "

S — E— ib

T~ Wac Vo
1
Y —
a2 —~ S — S5 //56

voltage-source inverter

Figure 5: Voltage Source Inverter with 3-ph Electric Motor[19]

Each phase of the motor is simply modeled as a series impedance of resistance and inductance (r,

L) and back emf (e,,ep, e.). Thus, three phase voltages can be computed as:

Ven =Va = Vo = la*T + L5 + e 1)
Vbn=Vb_Vn=ib*T+L%+eb (2)
Ven = Vo= Vo = i xT + L5 e 3

Summing these three phase voltagées, yields

d(ig+ip+ic)

Va‘}'Vb+L’;_3Vn=(ia+ib+ic)?"+[. at

+e,+e,+ e, 4

Without a neutral return path, according to KCL, i.e. iz + i + i, = 0, and the back emfs

are balanced and symmetrica due to the 3-ph winding structures, i.e.,

e, + ep + e, = 0, so(4) becomes
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Van + Vbn + I’fcrn =0 (5)
Furthermore, the neutral voltage can be simply derived from Equation (4)-(5) as

Vn = (Va + Vb + M:) (6)

W=

Now three phase voltages can be calculated as

Van:Va_E(Va’}'Vb+Vc):§Va_§Vb'_§Vc (7)
1 1 1

Von =Vp =3 (Ve +Vp + Vo) =3V —3Va —3V (8)
1 2 1 1

Ven =Ve=sWVa+Vp+ V) =sVe =SV =5V 9)

Three voltagesV,,V,, V. are related to the DC-bus voltage (V;.) and three upper switching

functions (S;, S5, S3) asthe following relation

Vo = S1Vac (10)

Vy = S,V (11)

Ve = 83V (12)

WhereS;, S5, S5 =either Oor 1, and S, = 1-S;, St = 1-S5, and Sg = 1-S3. (13)

As a result, three phase voltages in Equation (7)-(9) can also be expressed in terms of DC-bus

voltage and three upper switching functions as follows:

2 1 1
Van = Vdc(gsl = gsz = 353) (14)
2 1 1
Vbn — Vdc(gsz = 551 = 553) (15)
2 1 1
Ven = Vdc(ESS _551 _552) (16)
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It is emphasized that theS;, S, and S5 are defined as the upper switching functions. If the lower
switching functions are aveilable instead, then the out-of-phase correction of switching functions

isrequired in order to get the upper switching functions as easily computed from Equation (13).

Next the Clarke transformation changing from three phase voltages (V,,,, Vpn, and V) to the
stationary dg-axis phase voltages (Vs and V,*) are applied by using the following refationship.
Because of the balanced system in Equation (5), V,,, is not used in Clarke transformation

Vdss = Van (17)
1
Vqss = ﬁ (Van + ZVbn) (18)

Figure 6 depicts the abc-axis and stationary dg-axis components for the stator voltages of motor.
Notice that the notation of the stationary dg-axis is sometimes used as the stationary of-axis,

accordingly.

— I""-_i:.

-"'.?C o

Figure 6. The abc-axis and Stationary dg-axis Components of The Stator Phase V oltages

2.6PI1 Controller

Description: Thisblock implements asimple Pl controller with anti-windup correction.

The PI block implements a basic summing junction and P+l control law with the following
features:
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Programmabl e output saturation
Independent reference weighting on proportional path

Anti-windup integrator reset

The PI controller is a sub-set of the PID controller. A block diagram of the internal controller

structure is shown below.

[
L"ﬁﬂ
E; l K}-‘ Ui
v & =
. e T 5 + n +X7 ek
k) —F({?—H;)_(j D—HC/()—I-: L )—-ﬂ% i :——- u(k)
Reference T F . I ﬁgﬁ;ﬁ
wen i i w| r
| e )
HE) *

Feedback wy ‘
(Fbk)

Figure 7: Pl Controller [19]

a) Proportional path

The proportional path is adirect connection between the error term and a summing junction with

the integral path. The error termis:

e(k)=r(k) - y(k) 1)

Proportional gain is applied to the sum of proportional and integral paths, as described in section
C).

b) Integral path

The integral path consists of a discrete integrator which is pre-multiplied by aterm derived from
the output module. The term w1l is either zero or one, and provides a means to disable the
integrator path when output saturation occurs. This prevents the integral term from “winding up”
and improves the response time on recovery from saturation. The integrator law used is based on

a backwards approximation

ui(K) = u;(k = 1) + K;[r(k) — y(k)] (2)

31



c) Output path

The output path contains a multiplying term (K,) which acts on the sum of the proportional and
integral controller terms. The result is then saturated according to user programmable upper and
lower limitsto give the controller output.

The pre-and post-saturated terms are compared to determine whether saturation has occurred,
and if so, a zero or one result is produced which is used to disable the integral path (see above).

The output path law is defined as follows.

Vi(k) = Kplup(k) +u; (k)] 3)

Upax: V1 (k) > Upgy
Uk) = Umin: V1 (k) < Upin (4)
Vl (k) Umin < Vl(k) < Umax

_ (0:Vy (k) # U(k)
wa k) = {1: Vi(k) = U(k) ®)

Tuning the P+I controller

A suggested general technique for tuning the controller is now described.

Step 1: Ensureintegral is set to zero and proportional gain set to one.

Step 2: Gradually adjust proportional gain variable (K,) while observing the step response to
achieve optimum rise time and overshoot compromise.

Step 3: If necessary, gradually increase integral gain (K;) to optimize the return of the steady
state output to nominal. The controller will be very sensitive to this term and may become
unstable so be sure to start with a very small number. Integral gain will result in an increase in
overshoot and oscillation, so it may be necessary to slightly decrease the K,,term again to find the
best balance. Note that if the integral gain is used then set to zero, a small residual term may

persist inu;.
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2.7 Space Vector Pulse Width Modulation
Description:This block calculates the appropriate duty ratios needed to generate a given stator
reference voltage using space vector PWM technique. The stator reference voltage is described

by its (a,) components, Ualpha and Ubeta.

Discontinuous Space Vector generator

Description:This block calculates the appropriate duty ratios needed to generate a given stator
reference voltage using space vector PWM technique. The stator reference voltage is described
by its (a,8) components, Ualpha and Ubeta. Different than the regular SV GEN, this modulation
technique keeps one of the three switches off during the entire 120° to minimize switching

losses. Thistechnique is aso known as DPWMmin in the literature [19].

The Space Vector Pulse Width Modulation (SVPWM) refers to a special switching sequence of
the upper three power devices of athree-phase voltage source inverters (VSI) used in application
such as AC induction and permanent magnet synchronous motor drives. This special switching

scheme for the power devices results in 3 pseudo-sinusoidal currentsin the stator phases.
~ € A Ik

wae J wB ) N

WL — et
—

rrvolor pirases

Figure8. Power circuit topology for athree-phase VSI [19]

It has been shown that SVPWM generates less harmonic distortion in the output voltages or
currents in the windings of the motor load and provides more efficient use of DC supply voltage,

in comparison to direct sinusoidal modulation technique.

For the three phase power circuit topology configurations shown in Figure 8 there are eight
possible combinations of on and off states of the upper power transistors.

These combinations and the resulting instantaneous output line-to-line and phase voltages, for a

dc bus voltage of V., are shown in Table 1.
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Table 1. Device on/off patterns and resulting instantaneous voltages of a 3-phase power

inverter
C B A : : : - ) )
van | VEN | ven | vas Ve vea
0O |0 0 0 0 0 0 0
0 |0 1 2 | - I s 11 0 [ =
a3 ae/3 ae/3 T q T
D S B N R I R S - =
O 1 O e 3 2 2:;}: /3 Vi vae/3 lf/'m- Vi = 0 O
0 |1 1 " Vac/3 Vac/3 223 [ o0 |9 97
Dexe/3 Deae!/3 pac’3 | A e
- V.ac
1 1|0 0 - - 2° 0 T T
pac’3 . e’ 2H poac’3
—wvi v
1 10 1 ) -2 » M — i e 0
Tac’3 vac’3 | Vae| Tac’3 e =H v | 0
1 1 0 _2'(_;3 - F2Vac/3 ac/3 —e | % 0 '?a
vac’3 V] Yac’3 Tac’3 e ! Cae |
1 |1 1 0 0 0 0 0 0

The quadrature quantities (in d-g frame) corresponding to these 3 phase voltages are given by the

general Clarke transform equation:

Vas = Van (1)
2Vgn+V a;
Vys = AN 2

In matrix from the above equation is also expressed as,

Vds 2 | 2
el =3, || ®)

Due to the fact that only 8 combinations are possible for the power switches, Vy; and V5 can also

take only a finite number of values in the (d-q) frame according to the status of the transistor

command signals (c,b,a). These values of Vyg and V¢ for the corresponding instantaneous values

of the phase voltages (V4n, Ven» Ven) are listed in Table 2.
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Table2. Switching patterns, corresponding space vectors and their (d-g) components

C B a {u‘:tur.-‘ FETRTS P ‘l:l_‘-l ¥ s Vector
ek s | ooy s
0 0 0 0 0 =t
P 1]
0 0 1 S 0 =
e 3 7
0 1 0 —2Vac/3 :) :f.,
Cac/3 Vac/ V3 enzo
O 1 1 Vac-/3 ;’c!c/ﬁ !:'l zq.
ot 3 veac/ V3 a0
1 0 0 _ = ERyAvE ‘:.rw
e P
Vac’3 Veae/ V3 rrz40
1 O 1 - Vac/3 _ :(tc' V3 ;"240
Veac/3 Veae/ V3 L4300
£33
1 1 0 272 0 ~soo
ket - £ =
T
1 1 1 0 0 '
L)

These values of Vy; andl;, listed in Table 2, are called the (d-g) components of the basic space
vectors corresponding to the appropriate transistor command signa (c, b, a). The space vectors
corresponding to the signal (c, b, a) arelisted in the last column in Table 2. For example, (c, b, a)
=001 indicates that the space vector is UO.The eight basic space vectors defined by the
combination of the switches are also shown in Figure9 [19][22].

Uszg (010) q[ Uso (011)

O (111 Op (000) Ug (001)

Uyea (110)

Uzan (100) Uaon (101)

Figure9: Basic Space Vectors

In Figure 9, vectors corresponding to states 0 (000) and 7 (111) of the switching variables are
called the zero vectors.

Space Vector PWM can be implemented by the following steps:
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Step 1. DetermineVy,V;, V;. 5, and angle (theta)

Step 2: Determine Sector

Step 3: Determine time duration T1, T2, TO

Step 4: Determine the switching time of each switch (S1 to S6)

Stepl: DetermineV g, Vy, V,.or and Angle(theta)

Vqg =V, — Vp,, c0S60 — V.., cos 60 (4)
Vg = 0+ Vjp, c0s30 =V, cos 30 (5)
Vbn Ven
Vd:Van_; _2 (6)
1-1
1 o Van
V3 3 Va 2 2 2
Vq_?Vbn_'7V6n’[V]_§ g A3 Vbn (7)
q 0 ———1lv
2 2 cn
Magnitude|V,,ef| = (V2 + %2 (8
Angletheta = tan™’ (E—Z) (9)
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Step2: Deter mine Sector

Table 3: Determining Sectors

Angle(8) Sector where =._,.s placed
Of < =--<50 SeC'[OF 1
60. <5120, Sector 2
120, <180, Sector 3
e Sector 4
—-120. < 3)__.__—601 Sector 5
—60, <+~ X Sector 6

Step3: Determine Time DurationTy,T, Ty

The general formulafor calculating switching time duration at any sector

T = vaTSlVTefl (s |n( T cosa - tos—sm a)) (10)

T, =W(— cosasin(nT_lH+SinaCOSn%1ﬂ)) (11)
dc

Ty=T—-T1—T; (12)

Step4: Deter mine the Switching Time of Each Switch

This step determines the switching time of each switch at each sector called delay [23].
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Chapter Three
Regenerative Braking Analysis of
Induction Motor

3.1 Different Braking Methods

Basically the methods of electrical braking include regenerative braking, plug braking and
Dynamic Braking. Dynamic braking is similar to regenerative braking, but instead of storing
energy, it is dissipated on aresistance. Dynamic braking can be applied in any speed, regardless
of boosting. But, a limitation occurs when speed of the system is relatively low and required
braking torque is high. Even if the system is short circuited (brake resistance is zero), heavy
systems or systems with high moment of inertia cannot be stopped quickly.

Plugging is a method, which is used in heavy systems with very high inertia and should be
stopped quickly. Different from the previous electrical braking systems, both voltage and current
are reversed in plugging (by reversing phase sequence), resulting consumption of energy to stop
the system. In plug braking, back EMF and line voltage is in the same direction, resulting very
high braking current and torque. While designing a system with plug braking, one should
consider high current would be flowing on electronic components and al of the active
components should be sized and cooled accordingly. Also, since this system consumes energy to
brake, it would be costly to operate. So, this type of braking should be used with other electrical
braking methods [24].

In regenerative braking the main idea is to save the energy. Kinetic energy of the moving or
rotating system is turned back into electrical energy. For battery powered systems, like electrical
vehicles, regenerated energy is saved on the batteries. For line-fed systems, it can be sent back to
the line to feed another motor connected to the line. Regenerative braking needs generator
operation of electric machine. In this respect, current and voltage is reversed with respect to each
other. Voltage is positive to motion but current is from the system to the source, which is the
opposite of what happens in motor mode. Regenerative braking and plug braking are widely used
because regenerative braking is known for its braking energy efficiency and plug braking is
known for its braking time efficiency[24][25].Plug braking can be obtained by reversing the
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phase of any two terminals out of the 3® supply terminals of the IM. With the reversal of
terminals, the torque also reverses which opposes the normal operation of the machine and
reduces the speed of the vehicle and thus braking is obtained. The regenerative braking is
obtained by driving the rotor with a negative dlip. With the slip being negative, the machine
operates as a generator and the load supplies power to the source, thereby the direction of current
and torque reverses which causes braking in the drive [ 24][25][26][27][28].

Although mechanical braking method is an efficient method of instantaneous braking, but there
IS no restoration of energy in the process. The entire energy is wasted as thermal energy. Hence,
as a suitable alternative, regenerative braking has been introduced. Although the effectiveness of
braking in terms of fastness has been decreased with regenerative braking in comparison to
plugging but the restoration of power and energy during braking into the battery makes it more
efficient for vehicle dynamics.

3.2Energy Balance of overall system

Regenerative braking is a motor operating mode, where the mechanical power (stored as kinetic
energy) of the motor and coupled driving unit is converted to electrical energy and fed back to
the electric system[14]. The overall block diagram of the power analysis during regenerative
braking is shown in the figurel0. To analyze the power during braking the following are
considered:

3.2.1 Rate of change of kinetic energy:
Pyxp = % (KineticEnergy) Q)
Kinetic energy due to rotational motion can be formulated as:
KE = % Jw? )

Therefore power due to rotational motion can be

dw

Py =] ;W (3)

Since the system is a nonlinear system, kinetic energy due to linear motion can be neglected.
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3.22 Mechanical power loss: There are two mechanical power losses from the
available kinetic energy before it is converted to electrical power. These are frictional
loss and loss due to load. But in this thesis no load condition is considered. Therefore

the power loss due to the load can be neglected.

Pioss = Bw? (4)
3.2.3 FElectrical power: the remaining mechanical power to be converted to electrical

power is then:

Pxr — Prmioss = Peioss + Preeaback (5
3.24 Electrical power loss in the machine: when the eectric machine operates as
electric generator there is electrical power loss, which can be divided into core loss
and copper losses. This loss can be analyzed as conventional generator losses.
Furthermore, there is power loss in the power processing units. Let the electrical loss

in machine and power processor be represented as Py

Poioss = coreloss + coperloss 6)
But inthisanalysis all electrical losses are neglected.

Therefore the overall power balances with Py, as power which can be feed back to the electric

power system is given by
Pfeedback = Pxe — Pmioss (7)
_ jaw :
Pfeedback =] L Bw (8
From the power electronics circuit, power on the ac side can be:
3 X '
Pacside = E(Vqs *lgs + Vis * ias) 9
Power on the dc side comes from power of the battery.

Based on the above description the electrical power, mechanica power and battery power

bal ance have been analyzed to see the overall power in the system during regenerative braking.
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Figure 10: Power Analysis during Regenerative Braking
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Chapter Four
Simulation and Experimental Results

4.1 Overall System Analysis

The brief description of the overal regenerative braking system is in figure 11 for a system
overview. The regenerative braking system in this thesis includes an induction motor, a three
phase inverter, a bidirectiona dc/dc converter, a battery, a speed and flux estimation mechanism
and a control system. The speed, the torque and flux of IM is controlled by three anti windup Pl
controllers. The battery system mathematical model was derived. Based on the battery power, the
dc and ac side of inverter power calculation and analysis has been done. The battery state of
charge, current and voltage are analyzed during regenerative braking and the power system
anaysis is done by comparing the mechanical power obtained from the motor, the electrical
power generated by the motor acts as generator during regenerative braking and the battery
power. The regenerative braking is designed by controlling motor Torque using anti windup

controller for running the motor with negative dlip.
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Figure 110verall System Block Diagram

The bidirectional dc/dc converter is a basic circuit in regenerative braking system. During
motoring mode the motor is fed by the battery voltage boosted by the dc/dc converter to get the
necessary dc bus voltage for the motor to run. During braking the motor acts as generator to
convert the kinetic energy to electrical energy and fed back to the low voltage battery by bucking
the dc bus voltage using the dc/dc converter.

Sensors mounted on the machine shaft are in general not desirable for a number of reasons. First
of al, their cost is substantial. Secondly, their mounting requires a machine with two shaft ends
available - one for the sensor, and the other one for the load coupling. Thirdly, electrical signals
from the shaft sensor have to be taken to the controller and the sensor needs a power supply, and

these require additional cabling. Finally, presence of a shaft sensor reduces mechanical
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robustness of the machine and decreases its reliability. It is for all these reasons that substantial
efforts have been put in recent past into possibilities of eliminating the shaft mounted sensor for
rotor speed sensing. However, the information regarding actual speed and/or position of the rotor
shaft remains to be necessary for closed loop speed (and/or) position control (and coordinate
transformation, if applicable) even if the shaft sensor is not installed. Hence the speed (and/or
position) has to be estimated somehow; from easily measurable electrical quantities (in general,
stator voltages and currents).

The flux estimation technique is based on both current and voltage model as shown in figure
12. It can be seen the rotor flux linkage is calculated from the stator flux linkage. The stator flux
linkage is produced by using pure integrator. To reduce the errors due to pure integrator and
stator resistance measurement, the compensated voltages produced by Pl compensators are
introduced. Therefore, this flux estimator can be operating over a wide range of speed, even at
very low speed (10% of rated speed). But this resultsin low performance in speeds below 10%of
rated speed.
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Figure 12 Overall System of Flux Estimator

The open loop speed estimation technique which is used in this thesis uses the rotor fluxes and
position estimated in flux estimation technique. The open loop calculation method is ssimple to
implement but prone to error because of high dependency on the machine parameters. In open
loop estimator, especially at low speeds, parameters variation has significant influence on the
performance of the drive both at steady state and transient state. The need for the derivation
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makes this method more susceptible to noise. At low speeds the accuracy of this estimator is
limited. The problems encountered in the implementation of this scheme are two-fold. Firstly,
since it is model based, accuracy of speed estimation is affected by parameter variation effects.
Secondly, the scheme involves pure integration that fails at very low and zero frequency due to
offset and drifts problems. This kind of speed estimator works without failure above 10% of
rated synchronous speed.

Regenerative braking mode can be achieved by driving the machine with negative dlip, by the
use of variable frequency drives. The process of regeneration also requires developing the
desired braking torque as commanded by the driver. During transient conditions like braking in
vehicles, vector control of IM gives proper torque control. Hence field oriented control (FOC)
algorithm has been used.

In field oriented control algorithm the torque will be maximized when the current vector is
defined orthogonal to the surface of the flux produced. The d-axis current control the flux of the
IM and the g-axis current controls the electromagnetic torque. Hence by giving a negative torque
command and ensuring that the direction of w, is not negative, the machine is bound to operate
in regenerative braking mode with maximum braking torque. This technique has been used to

implement braking analysisin this thesis work.

The torgue command is developed in accordance with the speed command using an anti-windup
speed regulation controller. The feedback integration of the anti-windup prevents the integrator

from integrating speed error beyond the maximum and minimum values of the torque command.

The torque and flux commands are regulated using Pl controller into consideration of the current
commands to develop the required voltage commands. These voltages are transformed to a
stationary reference frame and fed to SVPWM. The inverter gates its gate signal from SVPWM

and connected to battery through bidirectional converters.

The overall Simulink block diagram is shown below.
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Figurel3 Simulink Model of Overall System

The simulink model is developed using components from Simulink Power System block set. The
induction motor used in thisthesis ssmulation is 3-¢, 380-V, 2.2-KW, 50-Hz, 4-pole squirrel cage
induction motor with parameters given in Table 4.

Table 4: Induction Motor and Control Parameters for Simulation and Experimentation:

Parameters Value
Rated Power r; : 2200 watt
Rated Voltage :_ 380 Volt
Stator Resistance _R,_ 2.76 Ohms
Stator Inductance :,;_ 11.8e-03 Hertz
Rotor Resistance j—* 3.11 Ohms
Rotor Inductance T_:T 11.8e-03 Hertz
Mutual Inductance;' 188.2e-3 Hertz
Moment of Inertiad 0.3
Viscous Friction B 0.01
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No of pole pairs, P 2

Frequency f 50 Hertz

K“‘|K’ K> *| Ko Ko "o Ko K "o o FWM =
req

15 250 | 234 | 1765 |4 496 |18 200 15 0.5 5K 15

Parameters Value

Rated Power - 180Waitt

Rated Voltage j_ 236Volt

Stator Resistance — 11.05 Ohms

Stator Inductance m_ 0.316423 Hertz

Rotor Resistance ﬁ__’: 6.11 Ohms

Rotor Inductance :_ 0.316423 Hertz

Mutual Inductance = 0.293939 Hertz

No of pole pairs P - 2

The proposed scheme is simulated in discrete time. The induction motor and inverter blocks used
in the design are already available in the standard Simulink library. The blocks that had to be

constructed were the open loop speed and flux estimator, bidirectional dc/dc converter block and
direct field oriented control block as shown in figure 14, 15,16 and 17. The open loop based

speed estimator calculates the rotor speed used in direct field oriented control which controls

SVPWM that used to drive the voltage source inverter.

flee estimator

estimator

Gotod

Figure 14 Flux and Speed Estimator
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Figure 17 Direct field oriented control

4.2 Result and Discussion

The machine initially at rest is driven by a commanded speed speed* as shown in the
figurel3.The machine accelerates with speed w,- and therein at t=1s, the regenerative braking is
initiated. As it is seen in the figure 18, with regenerative braking, the rate of deceleration
decreases at low speeds than at high speeds. It takes more than 1s at low speeds which shows
regenerative braking isinefficient at low speeds.
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The speed and rotor position are estimated in this thesis as shown in figure 19and 20. In
figurel9the speed estimated using open loop speed estimator has some ripple at time O to 0.2
second due to pure integrator in voltage model of rotor flux estimation and differentiator in open

Time offset: 0O



loop speed estimation. This ripple resultsin change in the graphs of the other results in the given

time interval in motoring mode.
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Figure 21: Variation of Motor Torque with Regenerative Braking
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Figure 23: Variation of Battery Current with Regenerative Braking

Pow er

i

-———-F-=-=--

———— - — -

_——_ - L

I
I
I
I
I
I
I
I
I
I
I
—_———— ke e m - - - - =
I
I
I
I
I
[}
I
I
I
I
I

B ] e e ettt S B

-———-F-=-=--

- e e m = -

———— - — -

ok-----

[ ———

[
1
1
1
L
1
1
1
1
I

3000

I

I

I

I
o
o
wn
~

(M)1emod Aueneg

500 f+- - - - -

-1000

1.6 1.8

1.4

12

8

0

0.6

0.4

0.2

Time(sec)

Time offzet. 0

Figure 24: Variation of Battery Power with Regenerative Braking

52



) f f )
1 1 1 1
\>w 1 1 1 1
> 1 1 1
1 1 1 1
m 1 1 1 1
Ml pF—F-=———#--mm ko - m o mm b — - - - - -
V 1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
- I e e . T
1 1 1 1
—J 1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
||||| e T T T —
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
||||| Lo ool oLl _l____1_ —
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
..... Lo Ll _h____v____a__ )
1 1
1 1
1 1
1 1
1 1
1 1
||||| P . [
1 1
1 1
1 1 1
1 1 1
1 1 1
IIIII T T—-——-=-11----H
1 1
1 1
1 1 1
1 1 1
1 1 1
||||| L I
1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
IIIII = D e ettt |
1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
| | | | I
0 o 0 o)} 0 oo} [t}
=} S o)} ) o) ) N
Q - o o o o) R
o o)} 19} o)} 19} o)}
o o)) » o))
=
(%)00S

4 1.6 1.8

1

.2

1

0.8

0.6

0.4

0.2

Time(sec)

Time offset: 0O

Figure 25: Variation of SOC of Battery with Regenerative Braking
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Figure 26Energy Balance during regenerative braking

53



The machine torque during braking attains a negative value of 10 N-m which can be used as
braking torgue shown in figure2l. In figure 22, the battery voltage increases from its nominal
voltage and the voltage remains positive throughout. The battery voltage is regenerated more
than 50% of the lost voltage during motoring mode. The machine supplies power to the battery
during braking in figure 24 which is around 500W is represented by the decrease of the battery
current to negative values in figure 23. The power is negative during the braking process which
shows the regeneration as shown in figure 24. The rise in SOC from 99.725% to 99.78% during
braking in figure 25 also indicates regeneration.

The power analysis in the figure 26 shows that the mechanical power that converted to electrica
power and finally stored in the battery is balanced with a slight difference that indicates lossesin

each power.

From all the above battery related graphs it can be seen that the graph during deceleration is not a
constant graph. The battery current, battery voltage, battery power graphs decelerates their
values at low speed. It can be seen that when deceleration starts a large amount of energy was
regenerated at higher speed which shows that regenerative braking performance decreases at low
Speeds.
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Figure 27(a) overal regenerative braking performance using battery with bidirectional dc/dc
converter, (b) overall regenerative braking performance using battery without bidirectional dc/dc

converter
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From figure 27 it can be seen that the regenerative braking with a bidirectional dc/dc converter
has a better performance than without dc/dc converter. The battery current, voltage and power
values fluctuate during regenerative braking, due to uncontrolled dc bus voltage for system

without a bidirectional dc/dc converter.
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Experimental Results

During Experimentation using C2000 F28035 kit,

The speed of an induction motor with different deceleration rate has been analyzed. The speed
graph with 0.3pu, 0.2pu, 0.1pu and Opu and their related torque controlling current component (

iq) and dc bus voltage (voltage across capacitor bank) are shown from fig 28 to 31.
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Figure31.Speed of IM decelerating to zero

From the above figures the overall system has a good speed performance at higher speed than
lower. At lower speeds the speed estimator performance decreases. This is due to the open loop
speed estimation technique used in this thesis. In figure 31 it is seen that the speed fluctuates at
zero speed. Thisis due to the system is based on rotor flux.

The variation of torque controlling current component i,(‘Park1.Qs’ in the code) with respect to

the speed of IM at different deceleration rates can be seen in the above figures.

From the above four figures it can be seen the value i become negative when the motor is

decelerating. Thisindicates the motor is in regenerative braking mode.

It can be aso seen that with decreasing motor speed, the values ofi, increases in the negative
direction. This aso shows that the torque also increases in the negative direction which indicates
alarge braking torque is needed for full brake (zero speed). The dc bus voltage (which is around
0.2226 pu) shown in the figures (28-31)do not vary during deceleration of the motor due to the

small value of inertia of the motor.

But, connecting additional disk to the motor increases the inertia of the motor and energy

regeneration was observed.
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Figure 33: Speed of IM deceleratesto O pu

Figure 32 & 33 show that when the speed of the motor decelerates from 0.4 pu to O pu, the dc bus
voltage shows a dlight difference from 0.221679 pu to 0.223877 pu. Converting the per unit
values to volt, it varies from 52.3384 to 52.857336 volt. This indicates that with an addition of a
small disk to increase inertia of the motor, about 0.52 volt increase in the dc bus voltage was

shown.
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Another braking experimental analysis has also been performed on the motor by disconnecting

the motor from the source and by giving Commanded braking torque that brake the motor

through speed controller (by decelerating the motor) to observe the time it takes to decelerate.

From these two experiments the time needed for full brake is analyzed. But since this thesis uses

rotor flux based speed estimation which have a very low performance at low speeds, in this

experi

ment the deceleration of the motor is considered below 10% of rated speed (not at zero

speed). The time that takes for the motor to stop during regenerative braking from the

experi

mentation is summarized in the table bel ow.

Tableb: Timedatain braking IM

Experiments Time takes to brake
IM

1 By disconnecting the motor from the supply power 3.37 Seconds

2 By giving commanded braking torque through speed controller 2.35 Seconds

Using this two data the following graph is constructed below

Speed (pu)

0.3 pU Braking with freefall

Regenerative braking

0.05 pu

0 1 2 3 4 5 Time (sec)

Figure 34 Free fall brake and Regenerative braking Time Analysis

From figure 34 one can see that the time it takes to brake IM using freefall islonger than using
regenerative braking.
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Chapter Five
Conclusion and Future Work
Recommendation

5.1 Conclusion

The use of regenerative braking system instead of mechanical braking will save a great deal of
energy. The regenerative braking system developed using converters and batteries have better
efficiency than using only batteries.

In experimentation energy saving (around 0.5 volt variation)was also observed by increasing the
inertia of the motor with an addition of extradisk since the kit can handle small motors (motor
with small inertia).

In this proposed method, during regenerative braking power is back to the source in this case, the

battery, which indicates energy has been saved.

5.2 Future Work Recommendation

The work is focused here on battery, converter and IM. But a simulation study can be performed
using supper capacitors instead of batteries since super capacitor models are so easy than battery
models. The experiment done on C2000 F28035 kit shows that only using its components a very
small amount of energy can be saved during regenerative braking but adding additional converter
circuits or by replacing the kit with F28035 microcontroller by a kit with F28069 microcontroller

it may be possible to regenerate more energy in future.
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Appendix

Calculation of Battery Parameters

The mathematical relationships that can be used to calculate the battery parameters like Battery

Constant Voltage (Eo), Internal Resistance R, Polarization Constant (K), Exponential Zone

Amplitude (A) and Exponential Zone Time Constant Inverse (B) from the given ratings of

Battery Voltage (Vbatt) and Battery Capacity (Q) for the required voltages are given by Egn. (1)

to Eqn.(5) below.
Eo2y = Eo(ny *

Ry = Ry *

Vbaet(1)

K=K
) Vbate(n) Q2)
_ Vpatt(z)
A(Z) = A(l) . Vbate(r)
Q)
B¢y = By * —
(2) (1) Q)

Vbatt(2)

Vpate(1)

Vbatt(2) " Q1)

Vbatt(2) N Q)

D)

(2)

3)

(4)

()

Therefore based on these mathematical relations the battery parameters of the new battery pack

areresulted as follows:

E,=213.6V
R=0.333Q
K=0.233V/(Ah)
A=185V

B=2.3077 (Ah™1)
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