Chapter 3

Quadratic (Gain Bidirectional

DC-DC Converter

3.1 Introduction

The designed Quadratic gain bidirectional converter (QQGBC) has a simple topology, con-
trol strategy, and a large voltage gain, which ensures wide voltage range operation when
compared to conventional bidirectional buck or boost converter. The topology of the
QGBC shown in Figure 3.1 has four power switches with an anti-parallel diode, two
power diodes, two inductors, and two capacitors. The magnitude and direction of the
power are controlled by using the QGBC. The QGBC operates in two modes: Motor-
ing (boost) and regenerative braking (buck) mode. The electrical power flows from the
battery to the Permanent magnet brushless DC (PMBLDC) motor through VSI in the
motoring mode. Simultaneously, the kinetic energy of the PMBLDC motor is converted
into electrical energy and fed back to the battery through the bidirectional VSI during
the regenerative braking. Regenerative braking can be achieved by reversal of power flow
from the battery to the PMBLDC motor.

A brief outline of the chapter is as follows:
e The step-up or motoring mode of operation is discussed in section 3.2.
e The step-down or regenerative braking mode of operation in section 3.3.

e The design parameters of the converter are presented in section 3.4.
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e Simulation results and validation through developed prototype are explained in

section 3.5 and section 3.6, respectively.

e The conclusion is done in section 3.7.
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Figure 3.1: The topology of quadratic gain bidirectional DC-DC converter.

3.2 Step-up or Motoring mode of operation

The converter is designed to operate in the continuous inductor current mode (CICM) in
steady-state as well as in low load conditions. The capacitors C; and Cs are sufficient to
maintain a steady voltage during one period of switching (7%). In motoring mode opera-
tion, the switches S7 and Sy are OFF, switch S5 is always turned ON to avoid switching
losses, and switching of switch S5 is controlled with PWM to execute the boosting opera-

tion. The following two modes explain the converter’s motoring (boost) mode operation.

3.2.1 Mode 1 (0, 7,,)

The switches Sy, and S3 are ON for time intervals 0 to DTy, and S; and S4 are OFF. In
this mode, the energy stored in the capacitor C is transferred to the inductor Ly and the
battery voltage V; charges the inductor L, the current flowing path as shown in Figure

3.2.
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Figure 3.2: Converters’ boost mode operation in Mode-1.

The voltage across inductors L1, Lo and current through capacitors C, C5 are written

as:

Via =V
Vie =Va

le2 = —

(3.1)
(3.2)
el = —liL2 (3.3)
(3.4)
(3.5)

Z.Ll = 7:3

3.2.2 Mode 2 (T,,, Ts)

In this mode, S3 is ON, and the rest three switches are OFF for time interval (1-D)T5.
During this mode, the inductor L transfers its stored energy to the DC link capacitor Cy
and capacitor C is being charged by inductor L;, the current flowing path as shown in
Figure 3.3. The voltage and current waveform of converter’s boost mode in steady-state

is illustrated in Figure 3.4.
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Figure 3.3: Converters’ boost mode operation in Mode-2.

The voltage across inductors L1, Lo and current through capacitors C, Cy are written

as:

@
=

Viin=Vi—=Vo
Vie=Ve1 =V,

&
o0

tc1 = 1in1 — 112

~~ o~ o~
@
J

'C)Q
Nej
—_ — ~— =

lc2 =12 — 1

For these two modes of boost operation, the volt-sec balance principle across inductors

Ly and L, with (' at voltage V., yields the following equations:

DTV, + (1 = DYT,(Vi = Ver) = 0 (3.10)
DT\Ver + (1 = D)Ty(Ver — Vo) = 0 (3.11)

By eliminating Vi from (3.10) and (3.11), the voltage gain in boost mode is obtained as:

v, 1
V. = G=Dp (3.12)

where D = T,, /T is duty ratio and the quadratic nature of the converter can be inferred

from (3.12).
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Figure 3.4: Converter’s voltage and current waveforms in boost mode.

3.3 Step-down or Regeneartive braking mode of op-

eration

The converter’s braking (buck) mode is employed to perform RB, and this allows the
mechanical energy stored in the inertial load and the rotor of the PMBLDC motor to be
transferred back to the source. In the braking (buck) mode operation, the switches S7, and
S, are controlled with PWM simultaneously. The switches S5 and S3 are OFF throughout
this mode of operation. The braking (buck) mode can be described in two stages of

operation. These operations have been explained briefly in subsequent subsections.
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3.3.1 Mode 1 (0, Tpy)

The switches S7 and Sy are ON for the time interval 0 to DT} in this mode of operation.
During this time interval, current in inductor L; and L, increases, as inductors are being
charged by capacitors C; and (5 respectively, the current flowing path of the converter

during this mode is shown in Figure 3.5.
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Figure 3.5: Convers’ buck mode operation in Mode-1.

The voltage across inductors Ly, L, and current through capacitors C, Cy are written

as:

Vi =Ver =V, (3.13)
Ve =Vo—Vn (3.14)
tcr =lr2 — i (3.15)

ign = iy — i1 (3.16)

3.3.2 Mode 2 (Toy, Ty)

All the switches Sy, Sz, S3, and Sy are OFF for the time interval (1-D)T;. The stored
energy of inductor L, is transferred to the battery at voltage V; and energy of inductor
L, to capacitor C;. The load at voltage V,, is feeding the regenerated energy to capacitor

(5, the conduction path of the converter in this mode is shown in Figure 3.6.
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Figure 3.6: Converter’s buck mode operation in Mode-2.

The waveforms of inductor currents and voltages are depicted in Figure 3.7. The

voltage across inductors L, Lo and current through capacitors C, Cy are written as:

Vi =V (3.17)
Ve = Vou (3.18)
ic1 =i (3.19)

(3.20)

iC2 = Z‘o

For these two modes of buck operation, the volt-sec balance principle across inductors L,

and Lo with C] at voltage V., yields the following equations:

D(V;=Ve1) +(1=D)Vi=0 (3.21)
D(Ver = Vo) +(1=D)Ve1 =0 (3.22)

By eliminating Vi from (3.21) and (3.22), the voltage gain in buck mode is obtained as:
V
£ =D? 3.23
. (329

The voltage gain in buck mode is quadratic in nature.
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Figure 3.7: Converter’s voltage and current waveform in buck mode.

3.3.3 Regenerative braking commutation by three switch strat-
egy

Power resistors have been used for conventional dynamic braking, where the kinetic en-
ergy of an electric machine is dissipated through armature winding and additional braking
resistance. The principle of regenerative braking is similar to conventional dynamic brak-
ing; however, additional resistance is eliminated and the kinetic energy of the vehicle can
be recovered. The PMBLDC machine will act as generator during regenerative braking.
The back-Electromotive force (EMF), armature current of all three phase and equivalent
circuit of PMBLDC motor are illustrated in Figure 3.8. In the three switch strategy, low

side power transistor 15, Ty, and Tg are operated in synchronous PWM switching mode
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Figure 3.8: The working waveform of PMBLDC motor and Equivalent circuit for three-
switch strategy (a) Back-EMF, armature current and switching signal of PMBLDC motor
(b) Bidirectional VSI with equivalent circuit of a PMBLDC motor.
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in each electric cycle, in which the electric machine can generate torque while simultane-
ously recovering energy. One interesting observation of the PMBLDC motor is that the
back-EMF' of each phase has a sign change at an interval of 30 electrical degrees. The
back-EMF is positive in phase ¢ from 30 to 60 electrical degrees, whereas the back-EMF
is negative in phase ¢ from 60 to 90 electrical degrees. As a result, the following analysis
is performed for every 30 electrical degrees. The average circuit parameter values (e.g.
resistance, inductance) for these two equivalent circuits will be used to describe the char-
acteristics of the PMBLDC motor using the three-switch strategy. The current paths of
the PMBLDC motor in 30 and 60 electrical degrees operating states are shown in Figure
3.9.

Battery

Battery

Figure 3.9: Current flowing path of three-switch strategy (solid line: switches are ON;
dotted line: switches are OFF) (a) At 30 electrical degree and (b) At 60 electrical degree.
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Figure 3.10: Equivalent cicuits of PMBLDC motor using three-switch strategy at 30 and
60 electrical degree (a) ON state at 30°, (b) OFF state at 30°, (¢) ON state at 60° and
(d) OFF state at 60°.

The equivalent circuits of the PMBLDC motor using three-switch strategy are shown
in Figure 3.10. Now applying volt-second and charge-second principle on equivalent in-

ductor L and dc link capacitor, the following equation are obtained:

ST 2V — ia(zZR)] + 8 T2Viny — ia(;lR) — V] =0 (3.24)
Vdc ’ . |4 + de o
6T (— & )+ 0T (i — 7 ) =0 (3.25)

where R, is the equivalent resistance of switches in QGBC and battery, ¢ is duty ratio of
switching PWM, T is switching time period and ¢’ =(1-§). On solving (3.24) and (3.25),

the average armature current and dc link voltage is obtained as:

. 2‘/emf
.= 75 3.26
= 32R, + (7/4)R) (3:26)

2Vvemf

(0" + (7/4)(K/57))

Vae = (3.27)
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The voltage ratio is derived as:

Vie 2
= 3.28
iemf (6l + _Z(I;) ( )

where K = R/R.. The voltage ratio equation can be used to determine kinetic
energy recovered when speed and other parameters of the PMBLDC motor are known.
The regenerative braking of the PMBLDC motor with a three-switch strategy is easy since
the rotor position information is not required. The three-switch strategy can produce

enough braking torque in medium to high speed region.

3.4 Converter Design and Stability Analysis

3.4.1 Converter Design

The converter design is done as per the boost and buck operations, as explained in Figure
3.4 and Figure 3.7. The designed converter is thus operated in the CICM, and the output
capacitor value is selected for minimum output voltage ripple. The inductor values are
calculated to keep the converter in CICM operation even at low load conditions. The
duty ratio (D) is calculated as 30% for an output voltage of 98 V with an input battery
voltage of 48 V. Switching frequency (fs) of the converter is 15 kHz. The minimal load for
the PMBLDC motor constitutes the switching losses in VSI, copper, iron, and windage

losses. Thus, a minimal burden of 40 W is considered for calculations.

Vo=Vo= _V"D)2 (3.29)
Vix I =V, x I, (3.30)
No load power = 40 W
I = P"Z"” = 0.8A (3.31)
Al = 1.6A (3.32)
V=L %ij: (3.33)



Thus, using (3.33) the value of input inductor L, is calculated as 0.6 mH. Thus for CICM
operation, a higher value of inductance i.e. 1 mH, is selected in this work. The calculation

for Ly is done as follows:

Iy = a _]"D)Q (3.34)
Iy = a f’D) (3.35)

The calculated value of I3 at minimum load is 0.56 A thus the current ripple at boundary

condition operation is 1.12 A.

Vi

Vo = m (3.36)
AT
Vi = Lo x mfj (3.37)

The value of Inductor Ly is calculated by using (3.37) as 1.2 mH. Thus for CICM operation

a higher value of 1.5 mH is selected in this work. The calculation for (] is as follows:

I,=Cy x 3.38
dt

I, = —Ls (3.39)
AV,

I, =Cy x DTl (3.40)

Taking A V.1 = 10 % of V4, The value of capacitor C} is calculated as 43 uF. The readily

available 47 pF value is selected in this work.

dVeo

dt
AVe,

(1 - D)Ts

I, = Cy x (3.41)

ILQ — IO = 02 X (342)

For the value of A V,, =2 % of V., and f, = 15 kHz, the value of C5 is calculated as 102
pF. The commercially available capacitor with a higher value of 220 uF is selected for
this work.

The value of passive components of the converter for buck mode operation is calculated
in a similar way as in boost mode operation since the no-load power is the same in boost

or buck operation. With V,= 98 V and V;= 48 V then the duty cycle is calculated as
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D=0.7 and switching frequency of 15 kHz.

V; = D*V, (3.43)
V;‘ X ]Ll = VYO X ]o (344)
Iy =1; (3.45)
I, = D?I, (3.46)
No load power = 40 W

P
I, = =2 = 0.408A 3.47
v (3.47)
I;; = 0.816A (3.48)
Al = 1.63A (3.49)

Al

L, mﬁ: = Vo1 - V; (3.50)

The value of inductor L, is calculated by using (3.50) as 0.58 mH. The calculation for Lo

is done as follows:

Iy = DIy, (3.51)
Alp, = 1.141A (3.52)

Al
Lo DTLSZ =V, - Ve (3.53)

The value of inductor Ly is calculated by using (3.53) as 1.19 mH. The calculation for C}
is done as follows:

AV

Iow =1 — I =C
c1 = 1p1 — 112 DT

(3.54)

After substituting the value of A Vio;=10% of V,;, D and T,. The value of C} is calculated

as 2 u F. The calculation for C is done as follows:

AVeo

IL2 - [o = C2 DTS

(3.55)

For the value of A V.= 2% of V., and f, = 15 kHz, The value of C5 is calculated as 4 u
F. The calculated values of passive components in buck mode of operation are lower than

that of boost mode operation. Hence, the converter is designed as per the boost mode
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values and the calculation for the boost mode is included in the chapter. The voltage

stress on switches Sy, So, S3, and Sy are calculated as:

Y= ‘—/SD)
Vs = (1 _VSD)Q
Vss = (1 ‘—/SD)
Ve =

(3.56)
(3.57)
(3.58)

(3.59)

stress on switches is low as compared to the converter in [120] and [89]. The converter is

designed as per the designated parameters are given in Table 3.1. The calculated converter

passive elements are given Table 3.2.

Table 3.1: Converter specifications

Parameter Value

Input Voltage(V;) 48 V
Output Power(P,) 1000 W

Output Voltage(V,) 98V
Operating Frequency (fs) | 15K Hz

Table 3.2: Converter passive components

Converter Parameter Value
Inductor 1 (L4) 1 mH
Inductor 2 (Ls) 1.5 mH
Capacitor 1 (C}) A7 pF
Capacitor 2 (Cs) 220 pF
Switches S;-94 STWAG3N65DM2
Diode Dy, D, FFSH3065A
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3.4.2 Small-signal Analysis

The dynamic analysis of the proposed converter is based on the small perturbation theory.

Dynamic equations of the converter are linearized around the operating points as follows:

#(t) = Az + Bu (3.60)

y(t) = Cx + Du (3.61)

where x is the space state vector, u is the input vector, and y is the output vector. The

dynamic equation of the converter step-up during Mode-1 operation is written as

diry
v+ LM 3.62
dirs
Lo—— -V, =0 .
T (3.63)
aVe, .
Cl ! + 119 = 0 (364)
dt
dV, .
Cs dtQ +i,=0 (3.65)
Vo=V (3.66)

The above dynamic equation is rewritten in the form of state space as follow:

i1 0 0 0 0 i1 -
S N A B R Ty 369
vin 0 & 0 0 ||va (N
Ve 0 0 0 z&/ \ve 0
y(t) = Ciz + Dyu (3.69)
ir1
L
() =000 )| ™[+ () (2 610
Vel
Ve2

o4



The dynamic equation of the converter step-up during Mode-2 operation is written as

—VS—FLlﬁ + V=0
L2% Veo—=Va =0
Cld;/;l —ir1 +i2 =10
OQd;/f +—igg +i, =0

Vo=V
The above dynamic equation is rewritten in the form of state space as follow:

i1 0 0 LLl 0 1 L1 LL1

112 . 0 0 I% 2—21 1 L2 n 0 (U )
Vel C’Ll — CLl 0 0 Vel 0 '
Ve 0 & 0 75/ \ve 0

I
/~
(@)
(@)
(@)
—_
—

~.
h
)
+
VS
(@]
N——
/N
&
N——

(v

Now applying state-space averaging technique

B = B;D + By(1— D)

—(1-D)
0 0 - 0
1 —(1-D)

A= 0 0 Lo Lo
(1-D) -1

o ron 0 0

—(1-D) -1

0 Cy 0 RoCo

B =

o o o S

95

(3.71)
(3.72)
(3.73)
(3.74)

(3.75)

(3.76)

(3.77)

(3.78)

(3.79)

(3.80)
(3.81)

(3.82)

(3.83)



C:<0 0 0 1> (3.84)

D= (o) (3.85)

Small signal model is derived by applying perturbations, the overall state and output

equation of the converter is obtained as

i1 0 o 20 in b L

i 0 0 1 —(=-D) i Ve d

’L“Q I ) 1 - " ,LVQ T 32 ~ (3.86)
Ve C—l 0_1 0 0 Ve C_fl 0 Vi

~ ~(1-D) 1 — I

Veo 0 -G 0 oo Ve CL; 0

The perturbation v; is assumed to be zero in input voltage to simplify the analysis, which
gives v;=V;. After substituting all passive elements value from Table 3.2 and duty cycle

D = 0.3, the control to output transfer function G4 (s) is obtained as follows:

V() —7.37 x 10%s3 +2.378 x 108s? — 5.88 x 10?5 + 5.1 x 10

cu = d(s) 11657 +55 x 10255 +3.07 x 10752 + 1.37 x 10105 + 1.9 x 103

(3.87)

The poles of the transfer function have negative real part (left half of the s-plane) indi-
cating that system is stable. To improve the steady-state behaviour of the converter, a

PI controller is used. Transfer function of a PI controller is

KpS + KZ
S

Gpr = (3.88)
Ziegler-Nicolous’ closed loop method is used to tune the PI controller, the value of K, =
1.86 x 107® and K; = 0.44 substituted in (3.88) and therefore the closed-loop transfer

function (CLTF) of the converter is obtained as follows

Uo(s)  —1.356 x 10%s* +4.05 x 10°s® — 5.197 x 10%s* 4+ 8.117 x 10'%s 4 2.244 x 10"
- 1.165% + 5.5 x 10253 + 3.07 x 107s2 + 1.37 x 1095 + 1.9 x 1013

Uref(s)
(3.89)
The magnitude and phase plot is obtained from CLTF are shown in Figure 3.11. One can

see that the gain margin of 5.4 dB and phase margin of 53.2 degree.

56



Bode Diagram
T

I
20 =
Qo T R T
3 System: CLTF
=1 Gain Margin (dB): 5.4
E -20— At frequency (rad/s): 1.06e+03
E) Closed loop stable? Yes
=
-40
-60 | | |
720 = T T T =
630 —
... _._ SystemCLTF e |
. 540 Phase Margin (deg): 53.2
8 Delay Margin (sec): 0.00119
5450 At frequency (rad/s): 780 -
Closed loop stable? Yes
ﬁ 360 — -
T
270~ —
180~ —
90 = I I I | I I I | L
10 10 10° 10* 10°

Frequency (rad/s)

Figure 3.11: Magnitude and Phase plot obtained from CLTF.

3.5 Simulation Results

The bidirectional quadratic converter and VSI fed PMBLDC motor are simulated using
MATLAB/Simulink software package. The PMBLDC motor is coupled with an inertial
load of 0.1 kg-m? thruogh belt. The system is simulated for 7 seconds with 0s to 5s in
motoring mode and 5s to 7s in regenerative mode. The intended regenerative action is
observed as per the simulation results shown in this chapter. The steady-state inductor
currents with a gate driving signal in the converter’s boost mode operation are shown in

Figure 3.12.
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Figure 3.12: Inductor currents I, and I, with switching PWM during boost mode.
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Figure 3.13: Output voltage V,, Capacitor Voltage V,; and Battery voltage V; during

boost mode.

In boost mode, when the switch is ON, both inductor’s current increases, and when

the switch is OFF, both inductor’s current decreases. In steady-state, the average value of
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current I is 14 A, and current I, is 10 A, as shown in Figure 3.12. Figure 13 presents the
steady-state output voltage (V,), voltage (V.1) of capacitor Cy, and battery voltage (V) in
boost (motoring) mode operation. In boost mode, the steady-state output voltage V, is
98 V, and capacitor (C}) voltage V. is 68.5 V with battery voltage V; of 48 V at 30% duty
ratio, which is shown in Figure 3.13. The battery voltage (V;) and State of Charge (SOC)
are shown in Figure 3.14. It is depicted that during motoring (boost) mode, the battery
SOC decreases, and a dip in battery voltage is observed during 0 to 5s of simulation.
At t = bs, regenerative braking is applied, then the converter starts to operate in buck
mode, and battery voltage and SOC increase. In buck (regenerative braking) mode, the
steady-state inductor currents are I;;= -5 A and I;o= -4 A, respectively. The negative

value of inductor currents means the current is flowing from load to source as shown in

Figure 3.15.

49 | |
> N
%48 k 1
8
S 47 :
>
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0 1 2 3 4 5 6 7

Time (S)

Figure 3.14: Battery voltage and %SOC during motoring and regenerative braking.
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Figure 3.15: Inductor current I;; and Ij» with switching PWM during regenerative brak-
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Figure 3.16: Voltage stress on switches S; and S5 during boost mode operation of con-

verter.
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Figure 3.17: Motor speed characteristics during motoring and regenerative braking.

Figure 3.16 shows the voltage stress on switches S; and Sy during boost mode op-
eration of the converter. Motor speed in boost mode reached 2000 rpm from time Os to
5s. At bs, regenerative braking is applied, the motor speed starts to decrease in braking

mode and reaches 650 rpm at 7s as shown in Figure 3.17.

3.6 Validation through developed prototype

An experimental setup is developed to test the proposed system and the converter pro-
totype. The system employs a 1.1 hp PMBLDC motor coupled with an inertia of the
flywheel (J= 0.1 kg-m?). TMS320F28335 DSP microcontroller controls the developed
DC-DC converter and the VSI in both the motoring and regenerative mode. Figure 3.18
shows the setup for the experimental verification of the proposed system. A PMBLDC
motor coupled with a high inertia flywheel is used to emulate the load. To reduce the
impulse torque condition and safety of the system, a pulley belt system is employed for

mechanical coupling of the motor and inertial load.
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Figure 3.18: Hardware Setup.
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Figure 3.19: System voltages in steady state boost operation of converter; capacitor C;

(V.1), battery voltage (V;), and output voltage (V).

Figure 3.19 shows different voltages, battery voltage, capacitor voltage, and output

voltage in steady state during boost mode operation of the converter at 30 % duty ratio.
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Figure 3.20: Boost mode operation of the converter; output voltage (V), 12, switching

PWM, and I;,.

The steady-state inductor currents 11, I1o, output voltage, and switching PWM are
shown in Figure 3.20 for boost mode operation. Both the inductors are charging during

the ON time of the switch and discharging during the OFF time.
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Figure 3.21: Switching PWM, Voltage stress on switches S; (Vs1), S2 (Vs2), and output

voltage (V,) in boost mode operation of converter
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The voltage stress on switches S;, Sy and output voltage V, with switching PWM

during the boost mode of the converter are shown in Figure 3.21.
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Figure 3.22: Transition of motor from motoring mode to regenerative braking mode; V,

A1, Vo, and Ips.
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Figure 3.23: Buck mode operation of converter; switching PWM, I, , V,, and I,.

Figure 3.22 shows the transition of the system operation from motoring to the RB

mode. The negative currents are indicative of the regenerative mode operation. During
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RB, the steady-state inductor currents I, I;5, output voltage, and switching PWM
are presented in Figure 3.23, aligned with those obtained in the simulation. It indicates
the converter operation in the buck mode and the successful energy transfer from the
PMBLDC motor to the battery. The value of inductor currents during RB is matched
with the simulation result. The continuous charging of the output capacitor due to VSI
performing the boosting operation keeps the DC link voltage almost constant during the
initial period of the braking process.
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Figure 3.24: Armature current, battery current, battey voltage, command signal at dif-

ferent braking duty (a) 6 = 0.4 (b) § = 0.5 (¢) § = 0.6 and (d) 6 = 0.7.

The three-switch control strategy of VSI for RB of PMBLDC motor is done at
different braking duty. The braking duty is varied from 0.4 to 0.7, the armature current,
battery current, battery voltage, and command signal for RB action are illustrated in
Figure 3.24. When the command signal is high, the PMBLDC motor acts in motoring

operation and when the command signal goes low, the PMBLDC motor act as a generator
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in RB. One can see that as braking duty increases then the armature current, battery
charging current, and braking torque increase. The braking duty depends on how much
brake force should be applied to the wheel of the EV. The results obtained in experimental
is compared with simulation results for validation are done in Table 3.3.The speed of the
motor during experiment is measured with stroboscope tachometer. The theorytically
obtained efficiency with respect to output power of the converter in boost mode operation
is illustrated in Figure 3.25. The comparison of different bidirectional DC-DC converters

with the proposed converter are done in Table 3.4.
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Figure 3.25: The curve between % Efficiency and output Power during boost mode.
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Table 3.3: Comparison of simulation and experimental results

Output Capacitor Input Inductor Voltage Motor
Parameters
Voltage V, | voltage V. | current I; current stress speed
) ) Ir1=14 A | V,;1=V,;3=685V
Simulation 98 V 68.5 V 14 A 1900 rpm

Irp=10 A | Ve=Vu=98V

) I;1=145 A Vs1=714V
Experimental 100 V 714V 14.5 A 1850 rpm

175=10.3 A Veo=100 V

Table 3.4: Comparision of different bidirectional converters with proposed converter

Voltage ratio | Voltage ratio | Maximum voltage | Maximum
Reference | Total components
boost buck stress Efficiency
G 1 inductor
onverter
. 2 D
in [0 3 capacitors =Dy 5 (1_2D) 92.5 %
4 power switches
1 Transformer
Converter on IS
4 capacitors =5 o 2 94 %
in [120]
4 power switches
1 Transformer
Converter 1 inductor N (1-D)? N 95 %
: . (1-D)? N (1-D)?
in [67] 3 capacitors
6 power switches
2 inductors
Proposed 2 capacitors
(1_1D)2 D? (1_1D)2 954 %
converter | 4 power switches
2 power diode

3.7 Conclusion

The QGBC for motoring and RB of PMBLDC motor is designed, developed, and tested in
the laboratory. The power flow direction is controlled successfully by changing the working
mode of the VSI and the QGBC. The inertial load’s mechanical energy is converted to
electrical energy during regenerative braking and fed back to the battery, as evident from
the results. A control strategy is implemented to boost the back-EMF of the PMBLDC

motor by controlling the VSI and using the self-inductance of the motor. The three-
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switch strategy is a cost-effective and simple sensorless braking commutation method for
an electric vehicle. The implemented strategy and the system configuration proposed in
this chapter have shown an economical and practical approach to eliminate the drawbacks

of regenerative braking in buck mode of Bidirectional DC-DC converter (BDC).
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