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Abstract—A  common ground switched-quasi-Z-source
bidirectional DC-DC converter is proposed for electric vehicles
(EVs) with hybrid energy sources. The proposed converter is
based on the traditional two-level quasi-Z-source bidirectional
DC-DC converter, changing the position of the main power switch.
It has the advantages of a wide voltage gain range, a lower voltage
stress across the power switches, and an absolute common ground.
The operating principle, the voltage and current stresses on the
power switches, the comparisons with the other converters, the
small signal analysis and the controller design are presented in this
paper. Finally, a 300W prototype with U,;,,=240V and
Uw=40~120V is developed, and the experimental results validate
the performance and the feasibility of the proposed converter.

Index Terms—Bidirectional DC-DC converter, common
ground, EVs, hybrid energy sources, switched-quasi-Z-source,
wide voltage gain range.

I. INTRODUCTION

With the increase of per capita car ownership in the world, the
increases in fossil fuel consumption and greenhouse gas
emission are having a serious effect on the climate and
environment [1]-[5]. New energy vehicles with renewable
energy as the power source, which can achieve operation with
zero pollution emissions, are considered as one of the solutions
to effectively alleviate the energy crisis and the environmental
pollution associated with transportation [6], [7]. As one of the
most important “new energy” vehicles, electric vehicles with
hybrid energy sources mainly comprise high energy density
power batteries and high power density super capacitors. The
low-voltage batteries are used to maintain the high voltage of
the DC bus during steady-state, even when the required energy
has low-frequency fluctuations. The super capacitors can be
used to provide or absorb high-frequency instantaneous power
during the electric vehicle's accelerating or braking process.
Thus, these two hybrid energy sources can greatly reduce the
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degradation impact on the power batteries caused by the sudden
load change of the electric vehicle, and also improve the
dynamic response of the whole powertrain system [8], [9].

The voltage level of hybrid energy sources for electric
vehicles is relatively low. In order to realize the matching of the
voltage levels between the hybrid energy sources and the high
voltage DC bus, as well as the bidirectional power flow of
energy sources, a wide voltage-gain range bidirectional DC-DC
converter is needed to interface the energy sources and the DC
bus.

With regard to the wide voltage-gain range bidirectional
DC-DC converter, basically, it can be classified into two
categories: isolated and non-isolated. The isolated types of
bidirectional converters include Fly-back converters, forward
converters, half-bridge and full-bridge bidirectional converters.
One of the advantages of these bidirectional DC-DC converters
is that they have a wide voltage-gain range in the step-up and
step-down modes. Although the Fly-back converter has a simple
structure and can be controlled easily, the leakage inductor loss
caused by the high frequency transformer mean the converter
has a low efficiency. In addition, the leakage inductor causes
high voltage spikes, which means the power switches see a high
voltage stress.

Non-isolated bidirectional converters include conventional
two-level converters and multilevel converters, Cuk/Sepic/Zeta
converters, coupled-inductor converters, switched-capacitor
and switched-inductor converters, Z-source and quasi-Z-source
converters. The conventional two-level converters have a high
voltage stress on the power switches, a narrow voltage-gain
range, and their efficiencies and dynamic responses are limited
by the extreme duty cycles of the power switches. Therefore,
they are not suitable for the hybrid energy sources system of
electric vehicles. As to the three-level DC-DC converters,
although the voltage stress on the power switches is
significantly reduced, the practical voltage gain in the step-up
and step-down modes is relatively low due to the parasitic
parameters [10], [11]. Multi-level DC-DC converters have a
wide voltage gain range, but they need more power switches,
other additional hardware circuits and a control strategy to
maintain the balance of the voltage stress on the power switches
[12]. Although the voltage gain range of the Cuk/Sepic/Zeta
converters is wider, the cascaded structures limit the conversion
efficiency [13]-[15]. Coupled-inductor DC-DC converters can
achieve a high voltage gain by adjusting the turns ratio of the
coupled inductor, but they require more power switches and
need to address the problem of the leakage inductance, which
make their structure more complex. In addition, the power
conversion and transmission capability of the converter is also
limited by the performance of the coupled inductor [16]-[18].
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The structures and control schemes of the Z-source, the
quasi-Z-source and the switched-capacitor DC-DC converters
are simple and easy to expand, and the capacitors in these
converters deliver energy through different paths during the
charge and the discharge processes. Thus, a high voltage gain
can be achieved [19]-[22]. Switched-inductor bidirectional
DC-DC converters can also achieve a wide voltage gain range
and a low voltage stress while avoiding extreme duty cycles.
However, more inductors limit the power density [23], [24].

A new non-isolated single capacitor bidirectional DC-DC
converter is presented in [25]. Although it has a wide voltage
gain range, the voltage stress on the power switches is relatively
high. In [22], a switched-capacitor-based DC-DC converter is
proposed. Although the voltage gain is improved, more devices
are used, and the converter does not have a common ground. A
bidirectional switched-capacitor DC-DC converter is presented
in [26]. This converter improves the efficiency, but the
converter needs more power switches. A hybrid bidirectional
converter with a switched-capacitor cell, which is suitable for a
DC microgrid, is proposed in [27]. It has a wider voltage gain
range and lower power voltage stress across the power switches,
but the converter does not have an absolute common ground
between the input and output sides, which produces an
additional du/dt issue between the input and output grounds.
Thus, its applications are limited. In [28], a novel coupled-
inductor bidirectional DC-DC converter is proposed with
increased voltage gain. However, the leakage inductance of the
coupled inductor and the additional du/df problems between the
input and output grounds should be considered additionally, and
the voltage stress on the power switches that are near the high
voltage side is too high.

This paper presents a novel switched-quasi-Z-source
bidirectional DC-DC converter for EVs with hybrid energy
sources, which not only achieves a wide voltage gain range, but
also has a common ground. The proposed converter is based on
the traditional two-level quasi-Z-source bidirectional DC-DC
converter: it simply changes the position of the main power
switch. As well as a wide voltage gain range and a low voltage
stress on power switches, this converter also has a simple
structure. As a result, the proposed converter can select the
power switches with the low rated voltage, and the low on-state
resistance, which in turn can improve the conversion efficiency.
Simultaneously, the voltage-gain of the proposed converter is
just reduced a bit, which can still meet the requirement of the
application of EVs with hybrid energy sources. The absolutely
common ground also avoids the additional du/d¢ issue between
the input and output grounds, which is beneficial for the
operation of the proposed converter.

The structure of the paper is organized as follows. Section II
introduces the configuration of the proposed converter and
analyzes the operating principle in detail. The design and
analysis of the converter are given in Section III. The
experimental results and analysis are shown in Section IV.
Finally, Section V presents conclusions.

I1. OPERATING PRINCIPLE AND ANALYSIS OF THE
PROPOSED CONVERTER

A. Configuration of the Proposed Converter

The configuration of the proposed bidirectional DC-DC
converter is shown in Fig.1. It can be seen that the proposed
converter consists of a switched-quasi-Z-source network (L, L,
C1, G, and Q,), power switches O and Q;, and high/low voltage
side energy storage/filter capacitors Ciigy and Ci,y. The gate
signals S, and S; of the power switches O, and Qs are identical,
and they are complementary to the gate signal S; of Q. The
proposed converter can operate either in the step-up or in the
step-down mode, enabling the bidirectional power flow between
the high-voltage and low-voltage sides.
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Fig.1 Configuration of the proposed converter.

B. Operating Principle of the Proposed Converter

To simplify the analysis, the following assumptions are made.

1) All the components are ideal, ignoring the ON-STATE
resistance Rpg(on) of the power switches and equivalent series
resistance(ESR) of the inductors and capacitors.

2) The currents of the inductors and voltages of the capacitors
increase and decrease linearly.

3) The voltages across capacitors are constant.
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Fig.2 Typical waveforms of the proposed converter. (a) Step-up mode. (b)
Step-down mode.
The two main operating modes of the proposed converter are

given as follows:

|
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Mode 1. Step-Up Mode of the Proposed Converter
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When the proposed converter operates in the step-up mode,
namely the energy flows from the low voltage side to the high
voltage side. In this operating mode, O, operates as a main
power switch, and O, and Qs are the synchronous rectifiers. The
duty cycles of the gate signals S|, S, and S; are taken as d,=1-d,=
1-ds=dp,s. The typical waveforms of the proposed converter in
continuous conduction mode (CCM) are shown in Fig.2 (a), and
the corresponding current flow paths in one switching period are
illustrated in Fig.3 (a) and (b).

State 0 [ty-t;]: When §,5,5;=100, Q, is turned on, and O, and
(s are turned off, the current flow paths are shown in Fig.3 (a).
During this state, the inductor L, is charged by Uy, through O,
while the capacitor C; is discharged, and the energy is
transferred to the capacitor C, and the inductor L, through Q.
Capacitor Cyg, is also discharged to supply the energy for the
load Rjaq Boost- According to Fig.3 (a), the following equations
can be derived in state 0:

ULl = Ulow

U, =Uqy Uy )
Uhigh = UChigh

ic17dm,st =i,

iCZdem‘ =g, (2)
ichigltdmt =-1 high

State 1 [t;-t;]: When §,5,5;=011, Q; is turned off, and Q, and
O; are reversely turned on. The current flow paths are shown in
Fig.3 (b). During this interval, the input voltage U, and the
inductor L, charge the capacitor C| in series. The capacitor C, is
connected in parallel with inductor L,, then connected with Uy,
and L; in series to charge the capacitor Gy, and provide the
energy for the load. As a result, the output voltage U, is
boosted up, and is much higher than the input voltage Ujqyy.
According to Fig.3 (b), the following equations can also be
obtained in state 1:

1 Ui ~Uq

U low
U,=Ug _UChigh 3)
U =Ug, U

U

L1 (1udggos) Tht Fhea (1dyeeg) ~r2 @)
Ichigh (1-dp) = 122 7102 ) ~ Lhien
By applying the volt-second balance principle on inductors L,
and L, with (1) and (3), the relationship between the voltage
gain Mpoos and the duty cycle dpoose in CCM can be obtained as
1 + d 00S!
Boost = Rocst (5)
1-d
and the voltage stresses across the capacitors C; and C, can be
expressed as

Boost

— Ulow Uhigh
UC] - -
1 - dBoost 1 + dBoost (6)
— dBoostUlow — dBoostUhigh
UC2 - -
1-d 1+d

Boost Boost

By applying the ampere-second balance principle on
capacitors with (2) and (4), the average inductor currents /;; and
1, can be obtained as

— 1 + dBoost
a 1 - dBoost e (7)
ILZ = Ihigh

Mode I1. Step-Down Mode of the Proposed Converter

When the proposed converter operates in the step-down
mode, namely the energy flows from the high voltage side to the
low voltage side. In this operating mode, O, and Q5 operate as
the main power switches, and Q, is the synchronous rectifier.
The duty cycles of the gate signals S, S5 and S, are taken as
d,=d;=1-d\=dp,. The typical waveforms of the proposed
converter in CCM are shown in Fig.2 (b), and the corresponding
current flow paths in one switching period are illustrated in
Fig.4 (a) and (b).

State 0 [ty-t;]: When §,5,5;=011, Q, is turned off, and Q, and
(s are turned on, the current flow paths are shown in Fig.4 (a).
During this state, L, L,, C,, and the low voltage side load
Ricad Buck are charged by Uygn through Qs and Q,, while C, is
discharged for L, and Ry, uck through Q5. Then, the following
equations can be derived in state 0:

U, = Uhigh -Ugq
U,=U,-U,, @®)
Uo tUg, = Uhigh
Uhigh =Ug
iCl,dBuck :iczfdmk —i, i,
iczjHuck =1 high _icumk —ip, ©))
iLl = Ilow + iClowidHuck

State 1 [t;-t;]: When S,5,5:=100, Q, is reversely turned on,
0 and Q5 are turned off. The current flow paths are shown in
Fig.4 (b). During this state, Uy, charges Gy, while C, is
connected in series with L, to charge C, through Q;. L, also
supplies energy for the load Rjq uck through Q. By means of
Fig.4 (b), the following equations can be obtained in state 1:

U,=Ug, —Ug
UL2:_U10w (10)
Uhigh =Ue;

ot (dge) ™ 12

Iy ()~ Ua

(11)

icsf(l-dﬁuck) =1 high
iLl = Ilow + iClowﬁ(l—dﬁuck)

By applying the volt-second balance principle on L, and L,
with (8) and (10), the relationship between the voltage gain
M, and the duty cycle dg,¢ in CCM can be obtained as

d
M - Buck 12
ek 2 - dBuck ( )
and the voltage stresses across the capacitors C; and C, can be
described as
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Uc] - Ulow - Uhigh
dBuck 2 - dBuck ( 1 3)
- (1 - dBuck )Uh,w — (1 - dBuck )Uhigh
'52 d 2-d

Buck Buck
By applying the ampere-second balance principle on
capacitors with (9) and (11), the average inductor currents

and /7, in the step-down mode can be written as

ILl = Ilow
1 _ dBuck (14)
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Fig.3 Current-flow paths of the proposed converter in the step-up mode. (a)
State 0: S; 5> S3=100. (b) State 1: Sy S S3=011.
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Fig.4 Current-flow paths of the proposed converter in the step-down mode. (a)
State 0: S; S2 S3=011. (b) State 1: S; S» S3=100.

C. Bidirectional Operating Control Strategy of the Proposed
Converter

The bidirectional power flow control strategy of the proposed
switched-quasi-Z-source converter is shown in Fig.5. The

proposed converter is interfaced between the high voltage DC
bus and the low voltage super capacitor bank.

The two operating modes of the converter in the hybrid
energy sources system can be switched by judging the positive
or negative polar of the control signal /,, which should be
provided by the energy management system omitted in this

paper.
High-Voltage
DC-Bus

op-down

Step-u[;
Proposed +

Bidirectional Unigir
converter =

Supercapacitor
Bank

In<0 | Iig>0

Ly,
Energy

System

Fig.5 Bidirectional power flow control strategy of the proposed converter.

1). When [>0, the controller enables the converter to
operate in the step-up mode. At this point, the step-up mode
reference voltage ULer.poost 1S OUtput by the step-up mode voltage
controller with consideration of the feedback voltage Uyg, from
the high voltage DC bus. In addition, the reference current
et Boost generated by the voltage controller with consideration of
the feedback current i;; from the inductor L, are used to produce
the control variable by the step-up mode current controller. As a
result, the corresponding three gate signals S;~S; are generated
by the PWM generator in the step-up mode.

2). When [,<0, the controller switches the converter to
operate in the step-down mode. Similarly, the step-down mode
reference voltage Ul.rpuk 1S given in the step-down mode
voltage controller with the feedback voltage U, from the super
capacitor bank. In addition, the reference current It puck
generated by the voltage controller and the feedback current iy,
from the inductor L; are also used to produce the control
variable by the step-down mode current controller. Therefore,
the corresponding three gate signals S1~S; are generated by the
PWM generator in the step-down mode.

I11. PARAMETERS DESIGN AND ANALYSIS

A. Parameters Design of the Power Switches

1. Voltage Stress on the Power Switches

The voltage drop of the power switch is ignored. According
to the circuit of the step-up mode, as shown in Fig.3 (a) and (b)
(or the circuit of the step-down mode, as shown in Fig.4 (a) and
(b)), and the Kirchhoff’s voltage law (KVL), the voltage stress
on Q)-Q; in the step-up and the step-down modes can be
obtained as

U Uh' h
U =U =U = Zlw - The (]5)
Q1 _Boost 02 _Boos 03 _Boos
t t t 1 - dBoost 1 + dBoost
U Uh' h
U =U =U =Jow =M (g6
Q1_Buck Q2 Buck 03 _Buck d 2 _ d ( )

where dpoos=1-dpuck. Therefore, the voltage stress on Q-0s is
the same both in the step-up and step-down modes, according to
(15) and (16).
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2. Current Stress on the Power Switches

Similarly, according to the circuit of the step-up mode, as
shown in Fig.3 (a) and (b) (or the circuit of the step-down mode,
as shown in Fig.4 (a) and (b)), and the Kirchhoff’s current law
(KCL), the current stress on Q;-Q; in the step-up and the
step-down modes can be obtained as

2
Q1_Boost = Ihigh
1 - dBoost (1 7)
_ _ 1
IQZfBoost - IQ37BOOSI - 1- d Ihigh
Boost
2
I 01 Buck — L,
2 - dBuck (1 8)
_ _ 1
1Q27Buck - 1Q37Buck - 2 _ d Ilow

Buck

where dpoos=1-dpuck- As a result, the current stress on Q) is twice
as big as that of 0, and Q5 both in the step-up and the step-down
modes, in terms of (17) and (18).

B. Comparisons with Other Converters

Under the premise of the same duty cycle and without
considering the power loss, the proposed topology is compared
with the traditional two-level bidirectional DC-DC converter,
the bidirectional Buck-Boost converter in [31], the traditional
three-level bidirectional DC-DC converter in [10], the quadratic
DC-DC converter in [32], the classical Z-source converter in
[29], the novel Z-source DC-DC converter in [30], the classical

are slightly higher than those of the traditional three-level
bidirectional converter in [10], the former requires less number
of power switches. Moreover, the voltage gain range is
improved more. Compared with the quadratic converter in [32],
the proposed one requires an extra capacitor, but reduces one
power switch. In addition, the voltage and current stresses on
the power switches of the proposed converter are reduced
significantly. Although the former has a higher voltage gain, its
cascaded structure determines its efficiency is lower than the
proposed converter. Compared with the classical Z-source and
quasi-Z-source DC-DC converters in [21] and [29], the
proposed converter needs the same number of components as
those converters. However, the proposed converter remarkably
reduces the voltage and current stresses on the power switches,
at the cost of reducing the voltage gain a bit, and it has a
common ground. Compared with the novel Z-source DC-DC
converter in [30], the proposed one requires an extra power
switch, but reduces one inductor. In addition, the voltage and
current stresses on the power switches of the proposed converter
are reduced significantly, and it still has the advantage of a
common ground. Compared with the bidirectional DC-DC
converter with a switched- capacitor cell in [27], the advantage
of the proposed converter lies in an absolute common ground
structure, although they have the same number of components,
the same reduced voltage and current stresses, and the same
voltage gain.
TABLE I COMPARISON ON NUMBER OF COMPONENTS

: Y ’ : Topology Power switch Capacitor Inductor
quasi-Z-source bidirectional DC-DC converter in [21] and the Proposed converter 3 4 )
bidirectional DC-DC converter with a switched-capacitor cell in Two-level converter 2 2 1
[27], as shown in TABLE I and TABLE II. The voltage gain B“Ck‘BF’OS; converter 2 5 1
against the duty cycle curves of these seven converters in two in [31]

. X X Three-level converter
modes are plotted in Fig.6. According to TABLE I, TABLE II in [10] 4 3 1
and Fig.6, when the duty cycle of the proposed converter varies Quadratic converter in 4 3 5
between 0.2 and 0.8, the voltage gain in the step-up mode is 132]
between 1.5 and 9, and voltage gain in the step-down mode is iﬁ‘;f/‘e‘i‘lrzlﬁ;gc]e 3 4 2
between 1/9 anq 2/3. N S Novel Z-source 5 A 5
Compared with the traditional two-level bidirectional DC- converter in [30]
DC converter and Buck-Boost converter in [31], the proposed Classical
converter needs an additional power switch, and the current Cg;’jzlnfr Slzu[rzcle] 3 4 2
stress on the power switches is relatively large. However, it not Switched-capacitor 5 A )
only greatly reduces the voltage stress across the power converter in [27]
switches, but also expands the voltage gain range. Although the
switch voltage and current stresses of the proposed converter
TABLE II COMPARISON OF VOLTAGE GAIN AND VOLTAGE AND CURRENT STRESSES
Mode Topology Voltage gain Voltage stress Current stress
O 0, 03(&04)
Proposed converter (1+dBoos()/(1‘dBoost) Uhigh/(1+dBoosﬁ) 21high/(1‘dBoost) lhigh/(l'dBoos()
Two-level converter 1/(1-dBoost) Uhign Tnigh/(1-dBoost) /
Buck-Boost
Con\l;lecner 1(1)'10[53 1] dBoost/(1-dBoost) Uhigh/dBOOSl Ihigthoosl/(l‘dBoosl) /
Three-level 1t
g 1/(1-doos) Uhign/2 g/ (1-dlncos)

done .

S Quadrio Serer 1/(1-docs) Uhigne(1-doos) Unigh Tl (1-dlocs)’ T/ (1-ds)

Classical Z-source
converter in [29]
Novel Z-source
converter in [30]
Classical
Quasi-Z-source

(1 'dBoos()/( 1 ‘2dBoos()

1/( 1 '2dBoost) Uhigh
Uhigh/( 1 'dBoos()

1/(1 '2dBoosl) Uhigh

21high/( 1 '2dBoost) lhigh/( 1 'dBoos()

Ihigh( 1 'dBoos()/( 1 ‘2dBoost) /

Ihigh/(( 1 ‘2dBoosl)

21high/( 1 —2dBoosl) (l-dB ‘))

Ihigh/( 1 ‘dBoosl)
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converter in [21]
Switched-capacitor

converter in [27] (1+dBoost)/(1-dBoost) Uhigh/(1+dBoost) 2lhigh/(1-dBoost) high/(1-dpoost)
Proposed converter duck/(2-dBuck) Uhigh/(2-dBuck) 20w/ (2-dpuck) Tiow/(2-dpuck)
Two-level converter dBuck Uhigh Tiow /
Buck-Boost
COl’l\]/JCCI‘tCI‘ 1(1),10[53 1 ] dBuck/( 1 ‘dBuck) Uhigh/( 1 ‘dBuck) Ilow /
Three-level 1t
R ?133)1% “ ek Uhigh'2 fiow
drati 1t
Qe r?nl ‘3[3020]11"6 . dua’ Uhigh&dpuck Uhigh Tiow TowdBuck
Step-down Classical Z-source
mode converter in [29] 2dpucicl Uhigh 20w (2dBuck‘ 1 )I low/ dBuck
Novel Z-
corcl)\\ll:rter si?lu[r;g] (2dBuck-1)/dBuck (2-dBuck) Uhigh Tiow /
Classical
Quasi—Z—source 2dpuck-1 Uhigh 2low Tiow/dBuck (2dBuck‘ 1 )I low/ ABuck

converter in [21]
Switched-capacitor
converter in [27]

dpuck/ (2‘d Buck)

Uhigh/ (2‘dBuck)

2110w/(2'dBuck)

Ilow/(z‘dBuck)

0.3 0.4 0.5

0.6 0.7

dBoost

(@)

an invalid state variable.

When the inductor current ripple and the capacitor voltage
ripple are neglected, the state space averaging method can be
adopted to derive the small signal AC equation of the proposed
converter in the step-up mode:

0.4 0.5 0.8

dBuck

0.6 0.7

(a0 1 o o 22 0
dt L
di,, () o -2 1 D _1=-D 0
dr Lz Lz Lz Lz ; ( t)
dﬁ(:](t) _ Q _i _I_D _l_D 1-D fz
dr e C Cr Cr Cr tr ®
dii (1) D 1-D  1-D 1-D e, (1)
Tar 0 c - B g (1)
dt G, C,r C,r C,r Chigh
it yign (1) o Do 1-p 1-D _ 1 _1-D
L dr L C]ugh Chighr Chlghr ChlghR Chlghr |
_ . _
0 0 — 0 0
Ll
i 0 _L 0 _i 1 [L]
I, L, L, L, ;
P PO U R S IR S B | I
0 i, () C Cr Cr Cr cl ) (19)
U,
0 0 1 1 1 1 c2
0 ¢, G Cr Gy |Yaw
0 - 1 1 1
L Chlgh Chighr Chighr Chighr ]

g =[0 0 0 0 1[040 i) G i) dau®]
By substituting the corresponding component parameters

()
Proposed Converter

Switched-capacitor Converter in [27]

Z-source Converter in [29]
Quasi-Z-source Converter in [21]

l Two-level Converter

Three-level Converter in [10]

+ Buck-Boost Converter in [31]

== Novel Z-source Converter in [30]

-Q—Quadratic Converter in [32]

Fig.6 Comparisons of voltage gain against duty cycle. (a) Step-up mode. (b)

shown in TABLE III into (19), the control to output voltage
transfer function of the proposed converter in the step-up mode

can be obtained as follows:
;mgh (s)

Step-down mode.

C. Small Signal Analysis and Voltage Loop Controller Design

It is assumed that the inductor currents i;;(f), and i;»(f),
capacitor voltages uci(f), uc(t), uciow(t) and ucpign(f) are the
state variables. As shown in Fig.3 (b) and Fig.4 (a), the
capacitor voltages wuci(?), uc(f) and wucnign(?) are mutually
coupled, and there is an invalid state variable. By introducing
the series resistance r of the capacitor Ci,,, the coupling
between the capacitors C,, C, and C;g, can be removed to avoid

Guhvghdl!uusr (S) = o
d Boost (S )

(20)

-2.7x10° 3* -8.8x10° [3* +1.9x10"” 3 -5.2x10" 3 +7.5x10"

TS +1.7x10° B +8.8x10° 3 +8.6x10" I +7.3x107 F+7.7x10"°
Similarly, the small signal AC equation of the converter in the

step-down mode can be derived:
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By substituting the corresponding component parameters
shown in TABLE III into (21), the control to output voltage
transfer function of the proposed converter in the step-down
mode can also be obtained as follows:
]

Guk,“dnuck ()= g o (5)
dpuck(S)

_ 1.3x107s° —4.0x107°s* +2.0s X107 —43.74

T 9.4x105% +2.6x107%5* —4.0x1075° —1.6x107 52 —4.7x10 25 -

The proposed converter adopts an output voltage loop, and
the voltage loop control scheme can be obtained as shown in
Fig.7, where G,,(s) is the control to output voltage transfer
function of the proposed converter, G, (s) is the transfer
function of pulse-width modulator, H(s) is the feedback transfer
function and G(s) is the voltage controller transfer function. In
the closed-loop system of the proposed converter, the transfer
functions G (s)=1, H(s)=1 are unitized, and the transfer
function G.(s) of the PI (Proportional-Integral) voltage
controller is shown in (23).Therefore, by adjusting the PI
parameters K, and K; of the voltage loop controller, the
closed-loop system of the proposed converter can achieve a
better stability performance.

(22)

G.(5) =K, +K,* 23)
N
tiyg(s) + Pe (s i, (5) d/(\s (s
s - Gc(s) |—>° *| G..(5) God($) 0 (5
Voltage Controller Ij‘",[;:u'fa'tdo',h g ;’ l:tlxiteg-
H(s)

Fig.7 Voltage loop control scheme of the proposed converter.

As to the output voltage closed-loop system of the proposed
converter, when the converter operates in the step-up mode, the
PI voltage controller parameters are K;=0.001, and K;=0.0001.
Therefore, the corresponding open-loop transfer function
Gy Boost(s) can be obtained as follows:

Go_oos () =G () G (5) . (H (5)
273 -8.8x10° B* +1.9x10° 3’ ~5.2x10” 3" +7.5x10" 3 +7.5x10"
S HLTXI0 B +8.8X10° B +8.6x10" 3 +7.3x107 B +7.7x10° 3

(24)
Similarly, when the converter operates in the step-down
mode, the PI voltage controller parameters are K,=0.0015, and
K=0.01. Thus, the corresponding open-loop transfer function
Gy puck(s) can be obtained as follows:
GO,Buck (?) :Gc (?) Gm (?) G"](deuck (Y)H (?)
0 LIx10°E* +1.2x10" 3 +6.6x107 37 +6.7x107 3 +4.5%10"
S H+1Ix10° B0 +5.6x107 B +1.1x107 3° +2.5x10% B° +2.8x10"* 3
As a result, the Bode diagrams of the open-loop transfer
functions with the PI voltage controllers in the step-up and
step-down operating modes can be obtained as shown in Fig.8 (a)
and Fig.8 (b), respectively, in terms of (24) and (25). It can be
seen that when the proposed converter operates in the step-up
and step-down modes, the amplitude margin K, and the phase
margin y are both greater than 0. Therefore, the closed-loop
system of the proposed converter, which adopts the PI voltage
controller, can operate stably.
Bode Diagram

(25)
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Fig.8 Bode plots of the small-signal open-loop transfer functions with PI
voltage controllers. (a) The step-up mode. (b) The step-down mode.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

In order to validate the effectiveness of the proposed converter,
a 300W prototype is developed, as shown in Fig.9. The specific
parameters of the experimental prototype are given in TABLE III.
A Texas Instruments microcontroller TMS32028335 is used for
the voltage loop controller.

Fig.9 Prototype of the proposed converter.
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TABLE III EXPERIMENTAL PARAMETERS OF THE CONVERTER

Parameter Values
Rated power: P, 300W
Filtering capacitors: Ciow/Chigh 470pF
Switched capacitors: C1/C, 520puF
Inductor 1: L, 434pH
Inductor 2: L, 600uH
High-side voltage: Unign 240V
Low-side voltage: Ulow 40~120V
Switching frequency: f; 20kHz
Power MOSFETSs: Q1~03 IXTH88N30P

A.Experimental Results in the Step-Up Mode

When the proposed converter operates in the step-up mode at
the rated condition, the gate signal and the voltage stress
waveforms of (), and the voltage stress waveforms of the

synchronous rectifiers O, and Qs are shown in Fig.10 and Fig.11,

respectively. It can be seen that the voltage stress on Q-0s is
140V (slightly higher than half of the high-side voltage), which
is consistent with the theoretical calculation.

A=10 U B=100 U 2ips Trlg B]'
Fig.10 Voltage stress across power switch Q1 in the step—up mode.

A=100 U B=100 U 20ps Trig: B]'
Fig.11 Voltage stress across synchronous rectifiers 0»-Qs in the step-up mode.

At the same condition, the current waveforms of L, and L, are
shown in Fig.12. It can be seen that the current ripple rate of L;
is about 28.57%, and that of L, is about 200% due to its smaller
average current value, which satisfy the design requirements of
the inductors.

I“ 2A/dlv

B=1A

2ips TNg B
Fig.12 Inductor currents, when Ulow = 40V, and Uyignh = 240V.

Fig.13 shows the dynamic behavior of the output voltage
Uhigh Which keeps at 240V, when the input voltage U, changes
from 120V to 40V over 11 seconds simulating the continuous
discharging of the energy source and its terminal voltage drops.

It illustrates that the converter can achieve a wide voltage gain
range from 2 to 6.

: b,..gh 100V/div

B\’ .....................................................
A=100 U B=20 U Iz e m

Fig.13 Input voltage U,y and output voltage Unigh When input voltage changes
from 120V to 40V.

The output voltage and the load current are shown in Fig.14,
when the output power P, is step changed between 150W and
300W. It can be seen that when the proposed converter operates
under the voltage loop controller in the step-up mode, the output
voltage Upign can be nearly kept at 240V and the transient
voltage fluctuation is small enough to be neglected

Sudden decrease
. inload

pvassrrimrranmenc,

A=100 U B=500mA 100ms Fréa: #1
Fig.14 Output voltage and load current when output power P, is step changed
between 300W and 150W in step-up mode.

B. Experimental Results in the Step-Down Mode

When the proposed converter operates in the step-down
mode at the rated condition, the gate signal and the voltage
stress across Q,, and the voltage stress across Q; and the
synchronous rectifier Q; are shown in Fig.15 and Fig.16,
respectively. It is clear that the voltage stress on Q,-Q; is still
140V (slightly higher than half of the high-side voltage), which

also agrees with the theoretical calculation.
Ug sz& Gs3: IOV/dn

A=10 U B=100 U
Fig.15 Voltage stress across Q.

Ups1:100V/div

A=100 U B=100 U 20ps Trig: BJ'
Fig.16 Voltage stress across Q3 and synchronous rectifier Q.
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At the same condition, the currents of L; and L, are shown in
Fig.17. It can be seen that the current ripple rate of L; is about
26.67% and that of L, is about 200% due to its smaller average
current value, which also satisfy the design requirements of the
inductors.

Fig.18 shows the dynamic behavior of the output voltage U,y
when the input voltage Uj;, maintains at 240V, and the output
voltage U,y is controlled to change from 40V to 120V. This
experimental result is used to simulate the continuous charging
of the energy source, and its terminal voltage rises. When the
input voltage Uyign keeps at 240V, the output voltage U,y
increases from 40V to 120V within 11 seconds, namely, the
converter can obtain a wide voltage gain range from 0.16 to 0.5

B=1A 20ps Trig: B2
Fig.17 Inductors current waveforms, when Upigh = 240V, Uow = 40V.

B

A=100 U Br20 15 Tebur 31
Fig.18 Input voltage Uyign and output voltage Ulow When output voltage changes
from 40V to 120V.

The output voltage and the load current are shown in Fig.19,
when the output power P, is step changed between 160W and
320W in the step-down mode. It can be seen that when the
proposed converter operates under the output voltage closed
loop control in the step-down mode, the output voltage U, can
nearly be kept at 40V and the voltage fluctuation is small

Sudden
ﬁ: increase in load

udden decrease
.. Inload

between 320W and 160W in step-down mode.

C. Experimental Results of Bidirectional Power Control of
the Proposed Converter

Fig.20 shows the hybrid energy sources system for an electric
vehicle, which is comprised of the super capacitor and the
battery pack. The super capacitor bank is composed of four
CSDWELL’s super capacitor modules in series, and the battery
pack is comprised of the lithium iron phosphate battery with a
capacity of 20Ah. In the hybrid energy sources system, the
proposed switch-quasi-Z-source bidirectional DC-DC converter
is interfaced between the high voltage DC bus and the low
voltage super capacitor bank. The battery pack provides the
average power for the DC bus through the bidirectional DC-DC
converter, boosting the low voltage of the battery pack to match
the high voltage of the DC bus.

When the vehicle is accelerating, the super capacitor bank
supplies the instantaneous power required from the DC bus by
the proposed DC-DC converter rapidly, due to the quick
dynamic response characteristics of the super capacitor bank.
During this process, the bidirectional DC-DC converter steps up
the variable battery pack voltage to keep the constant high
voltage of the DC bus with a voltage loop, and provides the
average power for the DC bus. When the vehicle decelerates or
brakes, the regenerative energy can be absorbed controllably by
the super capacitor and the battery packs through the
bidirectional DC-DC converters. When the vehicle operates at
uniform speed, the battery pack provides the steady energy for
the DC bus through the bidirectional DC-DC converter with the
corresponding voltage-gain, and charges the super capacitor
bank by the proposed converter if it is needed. According to the
operating conditions previously described, the hybrid energy
sources management system in electric vehicles provides the
control signal I, for the controller of the proposed converter.
Then, the proposed converter can be controlled in the
bidirectional power flow modes, according to the control
strategy as shown in Fig.5.

The experimental results of the proposed converter in the
bidirectional power control modes are shown in Fig.21. The
currents I, and [, represent the super capacitor current and
battery current respectively. It is assumed that the current from
the positive polar of the super capacitor bank/battery pack is in
the positive polar direction.

Traction Drive

>
-k  Bi-Directional
i| DC-DC Converter

Hybrid Energy
Sources
‘Management

Supercapacitor
peBaan? System

Bi-Directional
DC-DC Converter

Fig.20 Hybrid energy sources system for an EV.

It can be seen that when the demand DC bus power is changed
quickly from 400W to 650W, which simulates the electric
vehicle's accelerating process, the control signal /., that output
from the hybrid energy sources management system is greater
than 0. At the same time, the proposed converter responds
quickly and operates in the step-up mode. The current I
increases quickly from 0A to 5A during approximately 20ms,
and the super capacitor provides the instantaneous current /. for
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the DC bus, while the output current 7y, of the battery increases
very slowly. When [ falls to 0A from SA, I rises gently from
8.8A to 13A, and the battery provides the static power for the
DC bus. Similarly, when the demand DC bus power is reduced
quickly from 650W to 400W, which simulates the electric
vehicle's decelerating process, the control signal /y,, is less than
0. At the same time, the proposed converter responds quickly
and operates in the step-down mode. The current /. increases
from zero to -4A over approximately 20ms, and the super
capacitor absorbs the instantaneous power from the DC bus.
When the current [ falls to 0A from -5A, the current [, is
gradually reduced from 13A to 8.8A, and the battery absorbs the
power from the DC bus very slowly.

I,,=8.8A .

A=5A B=5A Time:100ms/div
Fig.21 Experimental results of the proposed converter in the bidirectional
power control modes.

Therefore, when electric vehicles have a sudden increase or
decrease during the accelerating or decelerating process, the
proposed converter can respond quickly according to the
control signal /,,. The super capacitor can provide or absorb the
instantaneous power to ensure that the current of the battery
changes more gently. As a result, the battery can be protected
and the dynamic response of the whole powertrain system is
improved.

D. Efficiency Analysis of the Proposed Converter

The experimental efficiencies at different voltage gains are
shown in Fig.22. The experimental efficiency is measured by
the power analyzer YOKOGAWA/WT3000.

98

-©-Experimental efficiency in step-up mode
. =8-Experimental efficiency in step-down mode

_—
___e///

86, . .
40 50 60 70 80
Uiew/V

Fig.22 Efficiency of the proposed converter in the step-up and step-down modes
with Upighi=240V, Uiow=40~120V and P;=300W.

From Fig.22, the maximum and minimum efficiencies of the
proposed converter in the step-up mode are 96.44% and 88.17%,
respectively. And the maximum and minimum efficiencies of
the proposed converter in the step-down mode are 96.24% and
92.31%, respectively. It is noticed that the maximum measured
efficiencies of the proposed converter in the step-up and
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©
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step-down modes are very close to those of converters in [10],
[16], [17] [25], [27] and [28]. As shown in Fig.22, with the
increase of the low-side voltage, the efficiency of the proposed
converter increases gradually for the same output power, due to
the reduced losses caused by the decreasing input current.

E. Power Loss Analysis of the Proposed Converter

The calculated power loss distributions for the experiment
when UIOW:120V, Uhigh:24OV, P0:300W and dBoostzl'dBuck:
0.33 are shown in Fig.23.

When the proposed converter operates in step-up mode, the
total losses of the converter are 10.68W, and the loss
distribution is shown in Fig.23 (a). By analyzing the power
losses distribution, it can be concluded that the major losses
come from the switching losses of the power switches Q;-0; (i.e.
P; poos=4.98W), which account for 46.63% of the total losses.
The conduction losses of all power switches Q;-0; (i.e.
Py Boos=0.925W) account for 8.66% of the total losses. In
addition to the power losses of the semiconductors, the copper
losses Pcy poost Of inductors L; and L, is 1.98W, which account
for 19.75% of the total losses. And the core losses P poost Of
inductors L; and L, account for 18.35% of the total losses,
which is close to that of the copper losses. The capacitor losses
Pc poost f C1-C; and Ciigp is 0.7W, which account for 6.55% of
the total losses.

Similarly, when the proposed converter operates in
step-down mode, the total losses of the converter are 11.28W,
and the loss distribution is shown in Fig.23 (b). By analyzing the
power losses distribution, it can be concluded that the major
losses also come from the switching losses of the power
switches 0,-05 (i.e. P, pya=5.568W), which account for
49.36% of the total losses. The conduction losses of all power
switches 0;-03 (i.e. Py pux=0.94W) account for 8.33% of the
total losses. In addition to the power losses of the
semiconductors, the copper losses Pc, pyck of inductors L, and
L, is 2.11W, which account for 18.71% of the total losses. And
the core losses Pge gy Of inductors L; and L, account for
17.37% of the total losses, which is close to that of the copper
losses. The capacitor losses P¢ gyck 0f Ci-C; and Gyigp is 0.702W,
which account for 6.22% of the total losses.

Capacitor losses,
0.7W, 6.55%

Core losses,
2.01W, 18.35%

Copper losses,
1.98W, 19.76%

(a) Step-up mode.
Capacitor losses,
6.22%

Core losses,
1.96W, 17.37%

Copper losses,
2.11W, 18.71%

(b) Step-down mode.
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Fig.23 Calculated power loss distributions for the experiment when Ulow=120V,
Unigh=240V, P,=300W and dpoos=1-dBuck=0.33.

V. CONCLUSION

A non-isolated switched-quasi-Z-source DC-DC converter
for electric vehicles with the hybrid energy sources has been
proposed in this paper, which is based on the traditional
quasi-Z-source bidirectional DC-DC converter. The proposed
converter benefits from a wide voltage gain range in step-up and
step-down modes and an absolute common ground. In addition,
the bidirectional converter has a simple structure with three
active power switches, and their voltage stress is lower. The
proposed converter also has good dynamic and static
performance. Therefore, it can be applied as the power interface
between the low voltage battery pack/super capacitor bank and
the high voltage DC bus in the hybrid energy sources system for
EVs.
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