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ABSTRACT The DC-DC converters are the essential modules in electric vehicles, grid interface of renewable
energy sources and DC power supplies. This paper presents a novel high gain bidirectional switched Z-source
DC-DC converter. The proposed bidirectional converter utilizes a switched-capacitor concept with inductors
for high voltage gain. The proposed bidirectional converter has high voltage conversion ratio over a wide duty
cycle range in both the boost and buck modes of operation. It has common ground between input and output,
and uses only 5 active switches and 4 passive elements with reduced switch voltage stress. The current drawn
from the low voltage side input source is continuous with reduced ripple. The operating principle, circuit
analysis, design, mathematical model and closed-loop operation of the proposed converter are presented.
The proposed converter is verified through computer simulation and laboratory experiments. The simulation
and experimental results are presented.

INDEX TERMS Switched boost converter, switched capacitor, DC-DC converters, bidirectional converter,

high voltage conversion.

I. INTRODUCTION

High voltage gain DC to DC converters are used in a variety
of applications such as electric vehicles, renewable energy
systems, battery-powered systems, battery chargers, unin-
terrupted power supplies and grid interface of DC storage
systems [1]. Most of these applications prefer bidirectional
energy flow, so the same converter should act as boost with
high gain in one direction and buck with a high reduction
in voltage in the reverse direction. One typical example is
electric vehicles (EV). The schematic of EV is shown in
Fig. 1. In EV battery DC bus is connected to the DC bus of
the inverter. The DC bus of inverter need to be at high voltage
DC levels (say 400V to 1.2kV) and the battery DC bus is
preferred to be with low voltage (LV) DC levels say 12V to
96V [2]. Similar requirements can be seen, in grid interfaced
photovoltaic (PV) sources and microgrids with battery energy
storage systems (BESS) [3], [4]. The conventional bidirec-
tional DC-DC converters have a low voltage conversion ratio
[5], [6]. To enhance the voltage conversion ratio, several
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techniques such as cascading techniques, switched induc-
tor, switched capacitor and coupled inductor topologies are
reported in the literature. The major drawback of cascading
is that it has large number of passive components and multi-
stage conversion leads to poor power efficiency and poor
reliability [7], [8]. Switched inductor and switched capac-
itor topologies give improved voltage conversion, but high
number of passive components make them bulky and these
are switched with the help of diodes/switches, which leads
to increased parasitic and decreased efficiency [9]-[21]. The
coupled inductor topologies have good voltage conversion
ratio but suffer from leakage inductance problems [22]. The
maximum voltage conversion ratio is 3 or less than 3 for a
non-isolated bidirectional converter [1], [2], [23]. The con-
verters having higher voltage conversion ratios suffer from
high current stress at the input terminals [24]. In order to
reduce THD sometime two identical Z-source converters are
used, but number of components are higher [25]. Due to non-
availability of high gain DC —-DC, some systems connect
the battery cells in series to form high voltage DC bus and
DC-DC converter with a low gain is used to interface with
the inverter DC bus. However, there are several problems
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FIGURE 2. Circuit diagram of proposed Z-source switched bidirectional
DC-DC converter.

in series-connected battery cells. Voltage balancing and cell
matching are the challenges when replacing a faulty cell in
an aging pack of series-connected cells. So, it is desirable to
have converter with high voltage conversion ability to avoid
series-connection of battery cells [26]—[28].

The above limitations have motivated the authors to
develop a high gain switched Z- source bidirectional DC-DC
converter [29]. In this paper, the detailed circuit analy-
sis, effect of circuit parasites on circuit performance, loss
calculation, simulation results for higher power rating and
experimental verification are given. The proposed converter
combines the features of switched boost and alternate pulse
width modulation (PWM) control strategies. The main con-
tribution and advantages of the converter are listed below.

1) The boost mode gain is greater than 6 as against the
maximum gain of 3 reported in the many literatures.

2) The proposed converter has bidirectional energy flow
capability. Seamless energy transfer from low voltage
side to high voltage side and vice versa is possible.

3) The current stress on the input side inductor is reduced
and the current ripple of the input current that is the
current drawn from the battery/source is low.

4) The converter has common ground between the input
and output sides.

5) Number of passive elements and active switches is low.

6) The voltage and current stress on devices are low.

7) High voltage conversion ratio over wide duty cycle
range is achieved for boost as well as buck mode of
operation.
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The paper is organized as follows. The operating principle of
converter and PWM strategies are discussed in section II. The
steady-state analysis for boost and buck mode of operations
are presented in section IIl. The converter design criteria
are presented in section IV. The power loss analysis and
comparative analysis with other bidirectional converters are
discussed in section V and VI respectively. The small signal
modelling and controller design are discussed in section VII.
The simulation and experimental verifications are given in
section VIII and section IX respectively. Finally, conclusions
are given in section X.

Il. OPERATING PRINCIPLE OF Z-SOURCE SWITCHED
BIDIRECTIONAL CONVERTER

The proposed Z-source switched bidirectional DC-DC con-
verter is shown in Fig. 2. The proposed Z-source converter
consists of two inductors (L, Ly), five switches (Si, S», S3,
S4 and Ss), and two capacitors (Cy, Cz). The filter capac-
itors are Cy at the high voltage (HV) side and C low
voltage (LV) side. The proposed Z-source converter can be
operated in boost mode as well as buck mode. Operating only
two switches S; and S, leads to boost mode of operations
and energy is transferred from LV to HV. In buck mode
of operation, only switches Sz, S4 and S5 are operated and
energy is transferred from HV to LV. So, if the unidirectional
converter is required, it requires only two active switches
(S1 & S3) and 3 diodes for boost operation and only 3 active
switches (S3, S4 & Ss5) and two diodes for buck operation.
The equivalent circuits for boost mode and buck mode of
operation are shown in Fig 3 and Fig 4 respectively.

A. OPERATING PRINCIPLE OF BOOST MODE

In the boost mode operation, the two switches S and S; are
gated and other three switches S3, S4 and S5 are permanently
OFF. The gate pulses (Gy1 & Gyp) for switches S and S are
complementary as shown in Fig 5 (a) trace 1 and 2. In boost
mode, only the body diode of S3, S4 and S5 participate in
energy transfer, so the gate pulses are off, that is Gz =
Gg4 = Ggs = 0. The ON time is described as Toy = DT,
where T is the switching period, D is the duty cycle given by
D = Ton/T and (1 — D)T is OFF time. When S; is ON,
S, is OFF and vice versa. The equivalent circuit is shown
in Fig. 3(a) and 3(b) for DT interval and (1-D)T interval
respectively. The corresponding theoretical waveforms are
shown in Fig 5(a). The inductor current iy is charged up to
maximum value and inductor current iy discharges energy
from their maximum value. The energy from LV source (V7))
is stored in L1 and the energy stored in L in the previous cycle
is transferred to capacitors C; and C; through anti-parallel
diode of S4 as shown in Fig. 3(a). When S; is OFF and S,
is ON (i.e (1 — D)T), the equivalent circuit is presented in
Fig. 3(b). The energy from LV source (V1) is stored in L, and
the energy stored in L in the previous cycle is transferred
to output HV side capacitor (Cy) through anti-parallel diode
of S5 as shown in Fig. 3(b). Part of this energy is used to
reset the voltage across S» through antiparallel diode across
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FIGURE 3. Boost mode of operation, (a) for DT interval, (b) for (1-D)T
interval.

switch S3. The inductor current waveforms (iy | and iz, ) are is
shown in Fig. 5(a). From Fig. 5(a) it is clear that the charging
and discharging are opposite in the boost mode of operations.
Since, total input current from source iy, = ir| + ir2, the
ripple current (Air ) in input source current iy is reduced. The
voltage across the inductors (V1 and V72), and voltage across
the switches (V1 and V) are shown in Fig. 5(a).

B. OPERATING PRINCIPLE OF BUCK MODE

In buck mode of operation, the energy flow is from HV side
to LV side. Fig. 4 shows the equivalent circuits for the buck
mode of operation. In the buck mode the switches (S3, S5) and
switch S4 operated alternately. The switches S;, and S, are
permanently OFF, only the body diodes of the switches S; and
S, participate in the energy transfer. The gate pulses (G4) and
(Gs3 & Ggs) for switches S4 and (S3 & Ss) are complementary
as shown in Fig 5 (b) traces 1 and 2 respectively. The gate
pulses for S; and S is zero as only antiparallel body diode
of these MOSFETS participate in energy transfer. During DT
interval, only S4 is ON, and both S3 and Ss are OFF. During
this interval, the inductor current i;» keep charging and the
inductor current iy discharges its energy. For (1 — D)T
interval, only the switch S4 is OFF, both S3 and Ss are ON,
and the switch S, body diode participate in energy transfer as
shown in Fig. 4 (b) and Fig 5(b). Like boost mode, in buck
mode also, the ripple current (Aiy) in LV side input source
current i7, is reduced because the ripple currents in inductors
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FIGURE 4. Buck mode of operation, (a) for DT interval, (b) for (1-D)T
interval.

L1 and L, are opposite to each other and iy = ir1 + ir>. The
voltages across inductors and switches are given in Fig. 5(b).

Ill. STEADY STATE ANALYSIS
A. BOOST MODE
From Fig. 3(a), the inductor voltages and capacitors current
expressions for the DT interval are written as follows,
vir = Veand vy =V —ver +vea (D
ic1 =i, Ic2=—ippandicy = —ig )

From Fig. 3(b), for the interval DT < ¢t < (1 — D)T,
the inductor voltages and capacitors current expression are
written as follows,

and V2 = VL (3)
ico =1ir1 +ic1 and

vir = VL —ve2
ict = ic2 —IL1;
icH = —ic1 — iH (4)
Applying volt-seconds balance principle to the L1 and L, over

one switching interval, capacitor voltages at steady state are
calculated as,

VL VL
Ve = ——— d Ve = 5
¢ =pa_p MVer=gTph &)
(1+D)Vy,
Vy = Voo = ———— 6
H=Vc1+ Ve D _D) (6)

Applying capacitor charge balance principle to the capac-
itors over one switching interval, the current relations are
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FIGURE 5. Typical waveform (a) Boost mode (b) Buck mode.

calculated as,

21 I D(1 — D)I,
I = L ; ILzzﬂanle=¥
(1 —D) D (1+D)
The boost voltage conversion ratio G = Vg /Vy is calcu-
lated from (6). It is clear from (6) that minimum boost gain
5.82 occurs at D = 0.586.

)

B. BUCK MODE

From the equivalent circuit for buck mode operation for the
interval DT in Fig. 4(a), the inductor voltages and capacitors
current expressions are written as follows,

vir = =Vi; v =—=VL +vc1 —vez ®)

ict = =i, ico=ipandicy =iy 9

From the equivalent circuit for buck mode in the interval (1 —
D)T in Fig. 4(b), the inductor voltages and capacitor current
expressions are written as follows,

and V2 = —VL (10)
andicy = —ip1 +ici (1D
andic, = i1 +ipp —ip (12)

ver = =V +ve2

ict =ic2+irt

icH = —lc1 +iH
Applying volt-seconds balance principle to the L; and L, over

one switching interval, the capacitor voltages are calculated
as,

_ DVy
T (1+D)

(13)

Vu
Vei = ———— andV,
Cl1 1+D) c2
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The buck voltage conversion ratio G = Vi /Vy is given by

D(1 — D)Vy

V= —————
(1+D)

Applying capacitor charge balance principle to the capacitors

over one switching interval, the current relations are calcu-
lated as,

(14)

I (1+ D)y _ (+D)y ond
D(1 — D)Iy,
Igy=—""=- 15
"= " 0+D) ()

It is clear from (14) that the minimum buck voltage conver-
sion ratio of 0.17 is when D = 0.414. The buck voltage ratio
is reciprocal of boost voltage gain.

From (6) and (14) it is clear that wide range of voltage
conversion ratio is achieved by varying D in both boost mode
as well as buck mode operation.

IV. DESIGN CRITERIA & SELECTION OF COMPONENTS
The desired value of the inductors and capacitors are calcu-
lated based on allowable current ripple and voltage ripple as
follows

DVy; DI;
= — and C; = ———
Aiplnf AViVef

where i = 1 and 2 and j = 1, 2 and 3. V71 and V, are the
voltages across the inductors L and Lj, 11 and Iy, are the
currents flowing through L; and L, Ai;1 and Aij, represent
ripple currents in Ljand Ly. V1 and V,are the voltages across
the capacitors Ciand C3, I, and I, are the currents flowing
through Cjand C. AV, and AV, represent percentage
ripple voltages in C and C».f is the switching frequency. The
design procedures for boost as well as buck mode are same
as, for the proposed bidirectional converter the ripple will be
same for boost mode as well as buck mode of operations. For
AV g be the ripple voltage across Cy,

(16)

i

D*(1—-D)ly
Cy =
Aveyf (1 4+ D)V

a7

For the converter to operate in continuous conduction
mode (CCM) the critical values of the inductors are,
D(—-D)V, D1 —-D)V,
# and Lycg = # (18)
Airf4lg Aip1f2y

The inductor values in (18) are the minimum inductor values
for the continuous conduction operations. The selection of
voltage and current rating of switches are based on the peak
reverse voltage across the switches as well as peak current
through the switches.

Licr =

V. POWER LOSS ANALYSIS

The power loss of the bidirectional converter has three factors
1) losses in switches, 2) losses in diodes and 3) losses in
passive elements.
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TABLE 1. Comparasion with similar converters.

Topology QB [7] ZSC [9] [11] BHDC [19]  SQ[24] Proposed
L count 2 2 2 2 2 2
C count 1 2 1 2 2 2
Switches 2 2 4 3 3 5
Boost Gain 1 1 o 1+D 1+D (1+D)
(1 - D)? 1-2D (1-D)? 1-D 1-D D(1-D)
Buck Gain D? 2D -1 D? D D D(1-D)
2-D 2-D (1+D)
Peak Switch votlage 1 1 1 1 1 1
stress (1-D)? 1-2D 1-D 1-D 1-D 1-D
Peak Capacitor voltage 1 1-D 2-D 1 1 1
stress (1 -D)? 1-2D (1 -D)? 1-D 1-D 1-D
Curent ripple in LVS Low High Medium Low Low Very Low
4—4D+2D? 3 24D+ D?
(SDP/P,) max 4 4+D 4 _
(1-D)? 1-3D+2D? 1-D 1-D? 1-D? D(1—-D?)
Rated Power 50 W 1000W 160 W 2000W 300W 300 W
Max. efficiency boost 94% / 96.5% 98.6% 96.44 % 97.5%
mode
Max. efficiency buck 93% / 94.2% / 96.24 % 96.7%
mode
Common Ground Yes No Yes No Yes Yes

Let 7, and #; are the rise time and fall time respectively. For
boost mode of operation, the switching losses for the switches
S1 and S, are given as

1

Pswy, = EVCZ L1 +1c1) (tf + tf)f (19)
1

Psws, = E(Vc1 —Veia +1c2) (tr +17) £ (20)

Similarly, for buck mode of operation the switching losses for
the switch S3, S4 and S5 can be written as,

1
Pswg, = 5Ver Uy —Icy) (tr + 1) f

21
5 1)
1

Pswgy = Vel (t- +17)f (22)
1

Pswgs = E(VH = Vel (tr + tf)f (23)

The conduction losses for boost mode of operation are calcu-
lated as,

Pcos, = Ron( 1) +Ic1)*D
Pcog, = Ron( ) + Ic2)*D

(24)
(25)

Similarly, for buck mode of operation the conduction losses
are given by (26)-(28).

Pcog, = RonUp; —Ic1)*D (26)
Pcogs = RonI7>D (27)
Pcogs = RonID (28)
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For boost mode of operation, the body diode of the switch
S3, S4 and S5 operates. So, the switching losses for the boost
mode operation is given as

Pswg, = Pswg, =10,V
Pswgs = fOr(Ve — V)
where Q, is the reverse recovery charge of the diode.

Similarly, for buck mode of operation, the switching losses
in the body diode of the switches S and S are calculated as

Psw_s1 = fOrVc2
Psw_s2 = fOr(Vc1 — V)

The average conduction losses in the body diodes of the
MOSFET during boost mode of operation are given as,

(29)
(30)

€19
(32)

Pco sz = U1 +1Ict)) 1 =D)Vp =1y (1+D)Vp (33)
Pco_s4 = (Ic1) DVp = IgVp (34)
Pco ss = Uc1)(1 =D)Vgp =Ig (1 —-D)Vp (35)

Similarly, the average conduction losses in the body diodes
of the MOSFET during buck mode of operation are given a,s

1+D
Pco_st = (L1 — Ic1) DV = 7 _DIHVF (36)
o
Pco_so = (U2 —Ic2) (1 — D)Vp = InVr  (37)

where Vp is the forward voltage drop across the body diode
of the switch. The losses in the inductors and capacitors are
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calculated as,
PEsg = 12,574 (38)

where r, is the DC equivalent resistance in case of an inductor
and equivalent series resistor (ESR) in case of capacitance.
L5 1s the RMS current through the passive elements. The
total efficiency for boost mode of operation and buck mode
of operation are calculated using (19) - (38).
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Vi. COMPARATIVE ANALYSIS

The proposed Z-source converter is compared with the
closely related bidirectional converter having similar char-
acteristic. The comparative analysis in terms of voltage gain
(both buck and boost mode), number of components, peak
switch voltage stress, peak capacitor voltage stress, low volt-
age side (LVS) current ripple, maximum switching device
power (SDP) value, efficiency and common ground are given
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TABLE 2. Converter parameters.

Parameter Value Parameter Value
L, 170 uH L, 340 pH
Cy 220 uF C, 300 puF

C, 2200 puF Cy 96 uF

1 27 mQ T2 52 mQ

Te1 = Teo 20 mQ Vp 0.8V

f 50 kHz Aijq = Aij, 20%

AV, = AV, 1% Tason 19 mQ

in Table 1. The Table 1 shows that the number of passive
components is same as that of other conventional bidirec-
tional converters and the proposed converter has comparable
number of switches with the others. However, additional
switch are required only for bidirectional operation. The
boost mode of gain is compared with the other converters
as shown in Fig. 6. From Fig. 6, it is clear that proposed
converter has high voltage gain and also have wide range
of duty cycle operation capability. The problem with the
conventional ZSC [9] is that its performance is degraded after
gain 4. The converter in [11], [19], and [24] need to operate
in high duty cycle to achieve high voltage conversions which
is not recommended from the control point of view. The
buck mode voltage conversion comparison is given in Fig. 7.
It is clear that the proposed converter operates for wide duty
cycle range with high voltage conversion ratio. The converters
in [11], [19], and [24] achieve higher buck conversion only
for low duty cycles (D < 0.4), again not a useful criterion
for closed loop control operation. The maximum capacitor
voltage stress comparisons are given in Fig. 8. It shows that
converter [7] has highest capacitor voltage stress. Moreover,
the proposed converter capacitor stress is comparable with
[11]. The maximum capacitor voltage stress of proposed
converter is same as that of [9], [19] and [24]. Fig. 9 shows
that the proposed Z-source converter has less switch voltage
stress compared to [7], [9], [11], [19], and [24]. The maxi-
mum switch current stress comparison is shown in Fig. 10.
The switch current stress is low for the proposed Z-source
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converter compared to that of [7], [9], [11], [19], and [24]. The
maximum SDP rating is decided by peak voltage across the
switch and average current flowing through the device, as per
the comparative analysis in Fig. 9 and Fig. 10, the voltage
stress of the switch and current stress of the switches are less
in the proposed converter compared to the other converters.
The maximum inductor current stress comparisons are shown
in Fig.11. From Fig. 11, it is clear that the proposed converter
has least inductor current stress as compared to that of [7], [9],
[11], [19], and [24]. So, the components stress factor (CSF) of
the proposed converter is comparable as per Fig.9, Fig. 10 and
Table 1. The maximum SDP variation with boost operation
gain is given in Fig. 12. The mathematical expression of
SDP with respect to the output power is given in Table 1.
From Fig. 12, it can be concluded that the proposed converter
has low SDP compared to other converters. The proposed
converter has very low current ripple in the low voltage side
source compared to other converters, this is due to proposed
alternating switching PWM. The proposed Z-source con-
verter has higher efficiency in the boost mode as well as buck
mode. The power rating used for efficiency measurement is
given in Table 1. The experimentally measured efficiency
for buck and boost mode for the stated operating point are
97.5 % and 96.7% respectively. The comparative analysis
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shows that the proposed converter has high voltage gain over
wide duty cycle, low switch voltage stress, higher efficiency,
low voltage ripple in low voltage side and common ground
compared to the conventional converters.

VII. SMALL SIGNAL MODELING AND

CONTROLLER DESIGN

The control signal to output transfer function for boost mode
as well as buck mode of operation are given below.

A. SMALL SIGNAL ANALYSIS FOR BOOST
MODE OF OPERATIONS
Let rp.; and 1 are the parasitic DC resistances of the induc-
tors L; and L. Let rcy, rcp and rg are the ESR of the
capacitances Cy, C, and Cy respectively. The components
specifications are given in Table 2.

After applying perturbation and linearization technique to
equations leads to following state space model.

K = A% + Bz + [(A] — Ay) X 4 (B — B2)VL1d(39)
i= (K‘1A>fc + (K 'B)b + K
x[(A1 — A2) X+ (By — Bp)VLId (40)
Let
S| = (K—lA);
Sy = (K—IB);
S3 =K ' [(A1 = Ap) X+ (B) — By)VL]
After simplifying above,
X = S1% 4 Syby + Sad
A=AD+A;(1-D),
and
B=BD+B>(1—-D)

From (39), the control signal to output transfer function for
the proposed converter deduced as,
M _lo 0 0 0
d
So, the boost mode of operation in the DT interval can be
written as,

1[st=$1]"ss (@)

KX = A/ X +B,V,

Ly 0 0 0 0
0 L, 0 0 0
K=l0 0 ¢ 0 0 42)
00 0 G o0
0 0 0 0 Cu
[y 0 0o 0 0
0 —(rpa+re) -1 1 0
A= 0 1 0 0 0 43)
0 -1 0 0 0
0 0 0 0 —z
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FIGURE 14. Simulation verifications of boost mode of operations: Steady
state (a) voltage across operating switches S;, S, and capacitors
(b) voltage across the switches Sz, ;&S5 and currents iy q, i &ij.

Bl =[1 1 0 0 0] (44)

where rc = rc1 +rea

In the (1 — D)T interval (45) and (46), as shown at the
bottom of the next page. The representation (~) denotes
the small signal ac variation of the signal. The lower cases
correspond to the instantaneous values, and upper cases cor-
respond to the steady state values.

X"=[ie1 ir2 ver ver vh|

Using (40) and using the parameters given table 2, the control
to output transfer function is written as (47), as shown at the
bottom of the next page.

B. SMALL SIGNAL ANALYSIS FOR BUCK MODE OF
OPERATIONS

The small signal analysis of buck mode of operation is similar
to that of same as boost mode.
In the DT interval:

KX =A1X+Bi1Vy
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L, 0 0 0 0
0 L, 0 0 0
K=|0 0 ¢ 0 0 (48)
0 0 0 C 0
0 0 0 0 C
M —rp1 0 0o 0 -1
0 —(rp2+rc) 1 -1 —1
Ar=| 0 -1 0 0 0
0 1 0 0 0
1
1 1 0 0 —p
(49)
Bl =[0 0 0 0 O] (50)

where rc = rc1 +ren

In the (1 — D)T interval (51) and (52), as shown at the
bottom of the next page. Using (41) and using the parameters
given table 2, the control to output transfer function is written
as (53), as shown at the bottom of the next page. The plots
of gain and phase of the boost and buck mode are given
in Fig. 13. The bode plots of the uncompensated open loop
transfer function (47) and (53) are shown in Fig 13. For the
stable controller, boost mode controller is designed for 18 dB
gain margin and 85° phase margin with the type II compen-
sator, which is clear from Fig 13(a) of compensated graph.
Similarly, the buck controller is designed for 15 dB gain
margin and phase margin of 85° with the type II compensator.
The compensated bode for buck mode of control is shown
in Fig. 13(b). From Fig. 13, it is clear that the closed loop
controller is stable with the desired dynamic response.

VIIl. SIMULATION VERIFICATIONS

The steady state operation of proposed bidirectional converter
is verified through simulation using PSIM. The low voltage
side voltage is 48 V and high voltage side voltage is set
as 400 V. The output power is 10 kW. The switching fre-
quency is 50 kHz. The system parameters are given in Table 2.

A. SIMULATION VERIFICATION OF BOOST MODE

The simulation results of the proposed converter in boost
mode of operation with the duty cycle D = 0.712, are given
in Fig.14. From Fig. 14(a), it can be observed that S; is ON for
D = 0.712 interval and S»is ON for (1 — D) = 0.288 interval.
For Vi = 48 V, with D = 0.712, the measured value of
Vy is 400 V. For this operating point, the voltage gain from
LV to HV is 8.33 which is in agreement with the theoretical
derivation in (6). The voltage across the switches S1 and S»
are expressed as Vsy, and Vg respectively in Fig. 14(a). The
voltage across the two capacitors are Ve = 234 V and
V2 = 166 V which agree with the theoretical derivations
in (5).

The voltage across the body diode of the switches S3, S4
and Ss, currents in the inductors (/71 and I;») and LV side
input source current /7 are shown in Fig. 14(b). The input
current ripple (Air) is reduced as iy = ir1 + iz2 and the
ripple current in two inductors L; and L, are opposite and
cancel each other. For output power of 10 kW, the output load
current (/) is 25 A. These results match with the theoretical
derivations given in section III.

B. SIMULATION VERIFICATION OF BUCK MODE

For the same operating point, the simulation results of buck
mode of operation, are given in Fig. 15. In buck mode, the
energy is transferred from HV side to LV side (reverse of
boost mode). In buck mode of operation, no PWM signal
is applied for switches Sy, and S,. It is also clear from
the Fig. 15(a) that the switch S4 is ON for the duty cycle
interval of D = 0.712 and switches S3- S5 are conducting
for (1-D)T = 0.288 duty interval. Fig. 15(a) shows the HV
side voltage is 400 V, Vo1 = 234 V, Ve = 166 V, and
voltage across the switches S3, S4 and S5 as Vg3, Vg4 and
Vg5 respectively. From Fig. 15(b) it is clear that the LV side
current ripple is eliminated, as it is the sum of both the induc-
tor currents. The simulation verification shows that the for

KX = A2X + BVp

- rcirc2 rca rci rca ]
—(rp+——) 0 = = =
rc rc rc rc
0 —rin 0 0 0
rca 0 1 1 1
Ay = e e e rc (45)
rey . f f f
rc rc C C
v 1 1 1 1
- 0 — = =+
L rc rc rc rc Ry A
Bl=[0 1 0 0 0] (46)
Vi —1.9%10°8* — 7.37 % 101983 + 8.33 % 101752 — 2.34%10'7S + 2.42 % 10%3 @
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FIGURE 15. Simulation verifications of buck mode of operations: Steady

0.02016

state (a) voltage across operating switchesSs, $;&S5 and capacitors
(b) voltage across switches S;, S, and currents iy, i &ij.

Vg =400V, Vp is 48 V for the duty cycle of 0.712 and agree
with the theoretical derivation in (13)-(14). The switches
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FIGURE 16. Simulation results of boost mode closed loop control,
dynamic response for (a) step decrease in load (b) step increase in load.

S1, S» are not gated and the voltage across the body diode
of the switches are shown in Fig. 15(b). The results given

KX = AX + B,Vy

— rer, 14 14 =
(g 4 EC2 0 _rfezfa 1
rc rc rc
0 —rr 0 0 —1
rc2 1 1
=2 0 - = 0
Ay = rc rc rlc (€28
_Ia 0 - 0
rc rc rc 1
1 1 0 0o ——
R,
T 1 1
B =[5 o )
X" =linn iz ver vea v (52)
VL 1.2% 10952 + 8x10''S + 5.76 % 10'7 53)
d 7254 +7.12 % 10383 + 6.54%10852 + 3.43  10!1S + 1.45 % 1016
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FIGURE 17. Simulation results of buck mode closed loop control dynamic
response for (a) step decrease in load (b) step increase in load.

in Fig 15 match with the theoretical derivations given in
section III.

C. CLOSED LOOP CONTROL VERIFICATION
The closed loop operation of the proposed converter is veri-
fied for load regulation. A type-II controller is used. Fig. 16
shows the boost mode dynamic responses for step change
in load. The load is increased by 50% at 0.035 sec as
shown in Fig. 16(a). In Fig 16(b), load current is reduced by
50%. In both cases the output voltage (Vy) remains constant
demonstrating good load regulation. Similarly, the dynamic
response of the converter against step load variation is studied
for buck mode operation. In buck mode operation, the LV
side current is increased by 50% at t = 0.04 sec. The LV side
voltage (VL) response is shown in Fig. 17(a). In Fig 17(b) the
LV side current is decreased by 50%. In both the cases, that
the LV side voltage is well regulated by the controller during
the step change in load current.

Seamless operation from boost to buck and vice versa is
verified through simulation [30]. In the proposed converter
the boost mode operation and buck mode of operation are
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FIGURE 18. Simulation results for transition (a) from boost to buck
(b) from buck to boost.

FIGURE 19. Experimental set up.

symmetrical. The operating duty cycle for the particular volt-
age is same for the boost as well as buck which is clear
from (6) and (14). The mode operation is identified by the
direction of the current flowing through the input side induc-
tors. The low side voltage and high side voltage is same and
the power is flow from high to low voltage or low voltage to
high voltage is decide by the current flow. Fig. 18 (a) shows
the boost mode of operation for 0 < t < 0.04 and at t =
0.04 sec the converter mode is changed from boost to buck.
The low side voltage current (I1) changes from 208 A to
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FIGURE 22. Experimental results for boost mode of operations at steady state: vy, v;; and v;,.

—208 A at t = 0.04 sec. Similarly, buck mode to boost mode
transition is also verified in Fig. 18(b). In Fig. 18(b), the low
side voltage current (Ir) changes from 208 A to —208 A at
t = 0.04 sec So, both the results in Fig. 18 show the smooth
transition between two modes of operation.

IX. EXPERIMENTAL VERIFICATIONS

The proposed converter operation is experimentally verified
with scale down prototype of 300 W. Fig 19 shows the picture
of the experimental set up. The switching frequency of the
experimental prototype is 50 kHz. The current ripple in the
inductor is limited to 40% and capacitor voltage ripple is 1%.
The low voltage side voltage is set as 48 V and high voltage is

VOLUME 10, 2022

designed for 300 V. TMS320F28335 DSP controller is used
to implement the control algorithm for the proposed bidirec-
tional converter. The experimental results for boost mode are
given in Fig.20 to Fig. 23. From Fig. 20, it is clear that the
switches S| and S, switch alternately. The conduction interval
of the switch S is 0.55 duty cycle and switch S» is 0.45. For
the input voltage of 48 V, the experimentally measured output
voltage is 285.5 V. The load resistance is 300 2 and measured
load current is 0.95 A. The measured capacitor voltages Vi,
Vo are 184.5 V and 101 V respectively which is clear from
Fig 21. Inductor voltages and boost operation output are
shown in Fig. 22. The capacitors voltages and voltages across
switches S3, S4 and Ss are given in Fig. 23. The steady-state
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experimental results of boost mode of operation have good
match with the simulation results of Fig. 10 and agree with
the theoretical derivations of section III.

The experimental results for buck mode of operation are
given in Fig.24 to Fig. 28. The parameters are unchanged
and operated for the same operating point as that of boost
mode operation. The HV side voltage for buck mode is
taken as 300 V. The steady-state operation of the PWM
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signal and voltage across the switches are shown in Fig. 24.
From Fig. 24, it is clear that the switches S4 and (S3, Ss)
switch alternately. The conduction interval of the switch Sy is
0.55 duty cycle and switch (S3, S5) is 0.45. Voltage across the
switches is shown in Fig. 25. The charging and discharging of
the current in two inductors are opposite in the nature, which
is clear from Fig. 26. This helps in reducing the ripple in
the input current drawn from the source as demonstrated in
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FIGURE 31. Experimental result for closed loop buck operation for 50% decrease in load current.

Fig.27. Fig. 27, also shows the plot of the capacitor voltages
verand vep, and their steady state measured values are 193 V
and 106 V respectively. The steady-state operation of buck
mode operation is verified with input-output voltages, and
voltage across the switches, are shown in Fig. 28. The load
resistance at low voltage side is taken as 7 €2. For the buck
operation the HV side voltage is given as 300 V and the LV
side voltage is found to be 45.3 V. These results match with
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the theoretical derivations given in section III and also agree
with the simulation results given in section VIII.

The closed loop control of the proposed converter in boost
mode and buck mode operation is also verified experimen-
tally. As mentioned previously, type II controllers are used.
Fig. 29 shows the output voltage response for a 50% step
change in load current (1.0 A to 0.5 A). Similarly, the output
voltage response for a 50 % step increase of load current
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FIGURE 34. Loss distribution in (a) Boost mode (b) Buck mode.

(1 A to 1.5 A) is shown in Fig.30. So, from Fig. 29 and
Fig. 30, it is clear that the proposed converter is able to
regulate the output voltage for sudden variation of the load.
Similarly, for buck mode of operation, the results of the step
load change are given in Fig 31 and Fig.32. In Fig. 31 for buck
mode of operation, the LV side load is suddenly decrease by
50% and the output voltage remains constant. The sudden
50% increase of current and the LV side voltage response
is shown in Fig. 32. A small rise in output voltage for step
decrease in load and small dip output voltage for step increase
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in load is observed but the controller is able to bring the
output voltage to set value, thus the controller is having fast
dynamics under large signal variations. The response of the
converter for sudden change in input voltage is shown in
Fig 33. For boost mode, the input voltage is varied from 40 V
to 60 V and it is observed from Fig. 33 (a) that output voltage
remains constant at 300 V. Similarly, Fig. 33(b) shows the
step-down the input voltage from 60V to 40 V and result
shows the output voltage constant at 300 V. A small rise in
output voltage for step increase in input voltage and small dip
output voltage for step decrease in input voltage is observed
but the controller is able to bring the output voltage to set
value, thus the controller is having fast dynamics under large
signal variations. The results in Fig. 29 to Fig. 33 demonstrate
the closed loop operation of the proposed converter. These
experimental results are in agreement with the simulation
as well as theoretical results. However, the minor difference
between theoretical and experimental is obvious due to par-
asitic resistance of passive components, resistance of copper
wire, voltage drop of switches, etc.

The efficiency of the converter in boost as well as buck
mode of operation over a range of output power varying
from 50 W to 380 W is measured. Fig 34(a) shows the
losses distribution in boost mode of operation and Fig. 34(b)
shows the losses distribution in buck mode of operation. The
measured efficiency is plotted in Fig. 35. In boost mode,
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for the above operating point, the measured value of effi-
ciency is 95.2% and maximum efficiency of 97.5% is
measured at 78 W. In buck mode, the measured value of
efficiency for the above operating point is 94.3% and maxi-
mum efficiency is 96.7% at 73 W. Compared to conventional
Z-source converter, the efficiency of the proposed converter
is improved by 1 to 2%, which is clear from the Table 1.

X. CONCLUSION

This paper presents, a high voltage gain switched Z-source
bidirectional DC-DC converter. The proposed converter has
low input current stress on the inductors, high voltage con-
version and low input source current ripple over entire range
of the duty cycle. Additionally, the converter has common
ground between input and output ports. The steady-state
analysis shows that in the boost mode of operation, the
minimum voltage conversion ratio is 5.8 and in the buck
mode of operation the maximum voltage conversion ratio is
0.17. The operation, steady-state analysis, power loss anal-
ysis, small-signal modeling, controller design, simulation
and experimental verifications are presented. The proposed
bidirectional Z- source switched converter is suitable for
renewable energy sources, battery storage systems, electric
vehicles and other applications where high voltage gain as
well as bidirectional power flow are required.

REFERENCES

[1] M. Forouzesh, P. Y. Siwakoti, A. S. Gorji, F. Blaabjerg, and B. Lehman,
“Step-up DC-DC Converters: A comprehensive review of voltage-
boosting techniques, topologies, and applications,” IEEE Trans. Power
Electron., vol. 32, no. 12, pp. 9143-9178, Dec. 2017.

[2] S. Chakraborty, H.-N. Vu, M. M. Hasan, D.-D. Tran,
M. El Baghdadi, and O. Hegazy, “DC-DC converter topologies for
electric vehicles, plug-in hybrid electric vehicles and fast charging
stations: State of the art and future trends,” Energies, vol. 12, pp. 1-43,
Jan. 2019.

[3] A. Torkan and M. Ehsani, “A novel nonisolated Z-source DC-DC con-
verter for photovoltaic applications,” IEEE Trans. Ind. Appl., vol. 54, no. 5,
pp. 4574-4583, Sep. 2018.

[4] S.M.P,M.Das, and V. Agarwal, “Design and development of a novel high
voltage gain, high-efficiency bidirectional DC-DC converter for storage
interface,” IEEE Trans. Ind. Electron., vol. 66, no. 6, pp. 4490-4501,
Jun. 2019.

[5] V. E Pires, D. Foito, and A. Cordeiro, “A DC-DC converter
with quadratic gain and bidirectional capability for batteries/
supercapacitors,” IEEE Trans. Ind. Appl., vol. 54, no. 1, pp. 274-285,
Jan. 2018.

[6] F. Z. Peng, M. Shen, and K. Holland, “Application of Z-source
inverter for traction drive of fuel cell—Battery hybrid electric
vehicles,” IEEE Trans. Power Electron., vol. 22, no. 3, pp. 1054-1061,
May 2007.

[7]1 A. Ahmad, R. K. Singh, and R. Mahanty, ““Bidirectional quadratic con-
verter for wide voltage conversion ratio,” in Proc. IEEE Int. Conf. Power
Electron., Drives Energy Syst. (PEDES), Trivandrum, India, Dec. 2016,
pp. 1-5.

[8] M. A. Salvador, T. B. Lazzarin, and R. F. Coelho, “High step-up DC-DC
converter with active switched-inductor and passive switched-capacitor
networks,” IEEE Trans. Ind. Electron., vol. 65, no. 7, pp. 5644-5654,
Jul. 2018.

[9] X.Fangand X. Ji, “Bidirectional power flow Z-source DC-DC converter,”
in Proc. IEEE Vehicle Power Propuls. Conf., Sep. 2008, pp. 1-5.

[10] S. Hu, Z. Liang, and X. He, “Ultracapacitor-battery hybrid energy stor-
age system based on the asymmetric bidirectional Z-source topology
for EV,” IEEE Trans. Power Electron., vol. 31, no. 11, pp. 7489-7498,
Nov. 2016.

53576

(11]

[12]

[13]

(14]

[15]

(16]

[17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

H. Ardi, A. Ajami, F. Kardan, and S. Nikpour Avilagh, “Analysis and
implementation of a nonisolated bidirectional DC-DC converter with high
voltage gain,” IEEE Trans. Ind. Electron., vol. 63, no. 8, pp. 4878-4888,
Aug. 2016.

J. Liu, J. Wu, J. Qiu, and J. Zeng, “Switched Z-source/quasi-Z-source
DC-DC converters with reduced passive components for photovoltaic
systems,” IEEE Access, vol. 7, pp. 40893-40903, 2019.

J. Liu, P. Gao, W. Liao, and J. Zeng, “An integrated energy storage
system with voltage balancing based on switched-capacitor reutilization
techniques,” IEEE Trans. Veh. Technol., vol. 69, no. 8, pp. 8356-8366,
Aug. 2020.

J. C. Rosas-Caro, F. Mancilla-David, J. C. Mayo-Maldonado,
J. M. Gonzalez-Lopez, H. L. Torres-Espinosa, and J. E. Valdez-Resendiz,
“A transformer-less high-gain boost converter with input current ripple
cancelation at a selectable duty cycle,” IEEE Trans. Ind. Electron., vol. 60,
no. 10, pp. 4492-4499, Oct. 2013.

J. Zhao and D. Chen, “Switched-capacitor high voltage gain Z-source
converter with common ground and reduced passive component,” IEEE
Access, vol. 9, pp. 21395-21407, 2021.

C.-M. Lai, Y.-H. Cheng, M.-H. Hsieh, and Y.-C. Lin, “Development of
a bidirectional DC/DC converter with dual-battery energy storage for
hybrid electric vehicle system,” IEEE Trans. Veh. Technol., vol. 67, no. 2,
pp. 1036-1052, Feb. 2018.

L. Solero, A. Lidozzi, and J. A. Pomilio, “Design of multiple-input power
converter for hybrid vehicles,” IEEE Trans. Power Electron., vol. 20, no. 5,
pp. 1007-1016, Sep. 2005.

R.R. Ahrabi, H. Ardi, M. Elmi, and A. Ajami, ‘A novel step-up multi-input
DC-DC converter for hybrid electric vehicles application,” IEEE Trans.
Power Electron., vol. 32, no. 5, pp. 3549-3561, May 2017.

O. Cornea, G.-D. Andreescu, N. Muntean, and D. Hulea, “Bidirectional
power flow control in a DC microgrid through a switched-capacitor cell
hybrid DC-DC converter,” IEEE Trans. Ind. Electron., vol. 64, no. 4,
pp. 3012-3022, Apr. 2017.

H. Moradisizkoohi, N. Elsayad, and O. A. Mohammed, “Experimental
verification of a double-input soft-switched DC-DC converter for fuel
cell electric vehicle with hybrid energy storage system,” IEEE Trans. Ind.
Appl., vol. 55, no. 6, pp. 6451-6465, Nov. 2019.

S. M. Fardahar and M. Sabahi, “New expandable switched-
capacitor/switched-inductor high-voltage conversion ratio bidirectional
DC-DC converter,” IEEE Trans. Power Electron., vol. 35, no. 3,
pp. 2480-2487, Mar. 2020.

T. Pereira, F. Hoffmann, R. Zhu, and M. Liserre, “A comprehensive
assessment of multiwinding transformer-based DC-DC converters,” I[EEE
Trans. Power Electron., vol. 36, no. 9, pp. 10020-10036, Sep. 2021, doi:
10.1109/TPEL.2021.3064302.

Y. Guan, C. Cecati, J. Marcos Alonso, and Z. Zhang, “Review of
high-frequency high-voltage-conversion-ratio DC-DC converters,” IEEE
J. Emerg. Sel. Topics Ind. Electron., vol. 2, no. 4, pp. 374-389, Oct. 2021.
Y. Zhang, Q. Liu, J. Li, and M. Sumner, “A common ground switched-
quasi-Z-source bidirectional DC-DC converter with wide-voltage-gain
range for EVs with hybrid energy sources,” IEEE Trans. Ind. Electron.,
vol. 65, no. 6, pp. 5188-5200, Jun. 2018.

M. A. Anwar, G. Abbas, I. Khan, A. B. Awan, U. Farooq, and
S. S. Khan, “An impedance network-based three level quasi neutral point
clamped inverter with high voltage gain,” Energies, vol. 13, no. 5, p. 1261,
Mar. 2020.

Y. Ye, K. W. E. Cheng, Y. C. Fong, X. Xue, and J. Lin, “Topology,
modeling, and design of switched-capacitor-based cell balancing systems
and their balancing exploration,” IEEE Trans. Power Electron., vol. 32,
no. 6, pp. 4444-4454, Jun. 2017.

P. S. Tomar, M. Srivastava, and A. K. Verma, “An improved current-fed
bidirectional DC-DC converter for reconfigurable split battery in EVs,”
IEEE Trans. Ind. Appl., vol. 56, no. 6, pp. 6957-6967, Nov. 2020.

Y. Tahir, I. Khan, S. Rahman, M. F. Nadeem, A. Igbal, Y. Xu, and M. Rafi,
“A state-of-the-art review on topologies and control techniques of solid-
state transformers for electric vehicle extreme fast charging,” IET Power
Electron., pp. 1560-1576, May 2021.

A. Ahmad, A. R. Beig, J. Alsawalhi, and K. A. Jaafari, “A novel high
gain bidirectional DC-DC converter,” in Proc. IEEE Ind. Appl. Soc. Annu.
Meeting, Oct. 2020, pp. 1-6.

A. Sharma, S. S. Nag, G. Bhuvaneswari, and M. Veerachary, ‘“Non-
isolated bidirectional DC-DC converters with multi-converter functional-
ity employing novel start-up and mode transition techniques,” IET Power
Electron., vol. 13, no. 14, pp. 3110-3118, Nov. 2020.

VOLUME 10, 2022


http://dx.doi.org/10.1109/TPEL.2021.3064302

A. Ahmad et al.: High Voltage Gain Switched-Z-Source Bidirectional DC-DC Converter

IEEE Access

ANISH AHMAD (Senior Member, IEEE)
received the M.Tech. degree in electrical engi-
neering from the Motilal Nehru National Institute
of Technology, Allahabad, India, in 2011, and
the Ph.D. degree from the Department of Elec-
trical Engineering, Indian Institute of Technology
(Banaras Hindu University) Varanasi, Varanasi,
India, in 2018.

He was at the Power Electronics and Sustainable
Energy Research Laboratory, Advanced Power
and Energy Center, Khalifa University, Abu Dhabi, UAE. He is currently
working as an Assistant Professor with the Department of Electrical Engi-
neering, Tezpur University, Assam, India. His research interests include
modeling and control of power electronics systems, power electronics and
drive for EV, renewable energy integration, and micro-grids.

MD. MOTIUR REZA (Member, IEEE) received
the B.Tech. degree in electrical engineering from
Sastra University, Thanjvur, India, in 2009, the
M.Tech. degree in electrical engineering from the
College of Engineering Pune, Pune, India, in 2012,
and the Ph.D. degree from the Department of Elec-
trical Engineering, Indian Institute of Technology
(Banaras Hindu University) Varanasi, Varanasi,
India, in 2018. He is currently working as a Post-
doctoral Fellow with the Power Electronics and
Sustainable Energy Research Laboratory, Advanced Power and Energy Cen-
ter, Khalifa University, Abu Dhabi, UAE. His research interests include
electrical machines analysis and design, power converters design and control,
and grid converters control.

ABDUL R. BEIG (Senior Member, IEEE) received
the B.E. degree in electrical engineering from
the National Institute of Technology Karnataka,
Suratkal, India, in 1989, and the M.Tech. and Ph.D.
degrees in electrical engineering from the Indian
Institute of Science, Bangalore, India, in 1998 and
2004, respectively.

He is currently working as an Associate
Professor with the Electrical Engineering and
Computer Science Department, Khalifa Univer-
sity, Abu Dhabi, UAE. His current research interests include auto tuning of
grid connected converters, energy management and drive train in electric
vehicles, modular multi-level converter for HVDC applications, high power
drives, and SiC and GaN based converters.

VOLUME 10, 2022

JAMAL Y. ALSAWALHI (Senior Member, IEEE)
received the B.S., M.S., and Ph.D. degrees in
electrical engineering from Purdue University,
West Lafayette, IN, USA, in 2009, 2011, and 2014,
respectively.

He is currently an Assistant Professor of
electrical engineering with Khalifa University,
Abu Dhabi, UAE. His research interests include
the areas of electrical machines design and anal-
ysis for transportation electrification applications.

KHALED AL JAAFARI (Senior Member, IEEE)
was born in Al Ain, UAE. He received the B.S.
and M.S. degrees in electrical engineering from
Petroleum University (PI), Abu Dhabi, UAE, in
2006 and 2011, respectively, and the Ph.D. degree
in electrical engineering from Texas A&M Uni-
versity, College Station, TX, USA, in 2016. He is
currently working as an Assistant Professor of
electrical and computer engineering with Khalifa
University, Abu Dhabi, UAE. His research inter-
ests include machines condition monitoring, power system analysis, power
system protection, power converters, and power quality studies.

53577



