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Abstract: This study presents a novel quasi-Z-source converter integrated isolated multiport bidirectional DC-DC converter
topology for a photovoltaic (PV) powered and battery/supercapacitor buffered electric vehicle (EV). The proposed topology can
provide uninterrupted power to the electric motor of EV and regain the braking energy with the capability of bidirectional power
flow. The system integrates quasi-Z-source and H-bridge converters with an existing switch. Thus, a four-port converter is
achieved without any need for individual converters or additional switches. Besides, the high-gain quasi-Z-source converter
allows the reduction of the rated voltages of the battery and supercapacitor packs, as well as allows using a high-frequency
transformer (HFT) with a low turn ratio. The isolation between ports is provided by a secondary centre-tapped HFT. The
secondary side of the HFT is equipped with a controlled full-wave rectifier to provide bidirectional power flow. In addition, a
power flow management and corresponding control scheme are suggested. The performance of the proposed system has been
evaluated for different operational changes. Results show that it properly performs the power flow between the ports under
steady-state and transient conditions. The power flow capabilities and efficiency values validate the viability and effectiveness of
the proposed system.

1 Introduction between the units are carried out through independent power
electronics converters are the main interface element.

Recently, several studies have been performed regarding the
integrated power electronic converters used in a system with
multiple RESs or storage units (i.e. hybrid energy systems).
Especially, multiport DC-DC converters or the reduced switch
form of them are employed because of the compact structures with
reduced complexity, a lower cost, and fewer component counts [1—

Nowadays, the interest in renewable energy sources (RESs) such as
photovoltaic (PV) or fuel cell is increasing in parallel with the
rapidly depleting fossil fuels and increasing greenhouse gas
emissions. Therefore, power systems equipped with RESs are
frequently preferred. Owing to the intermittent nature of RESs,
energy storage units (ESUs) play a key role to provide

uninterrupted power to the loads in these types of power systems. 4]. The multiport converters (MPCs) are categorised into two as

Besides, the power electronic converters are the other essential isolated and non-isolated converters and are presented in [5—7]
components o supervise the power flow betvi/een the RESs, Non-isolated MPCs had been derived from the buck, boost, buck—
storage units, and }oads. F}g. 1 shows the conventional RES-based boost converter topologies with features of compact design and
power system equip ped with an ESU. The power pro.duced by the high-power density. The non-isolated forms of MPCs developed in
RES is transferred directly to the loads or storage units, while the [8-11] are used to meet the requirements of an EV equipped with a

batteries are charged or discharged depending on the instantaneous batterv/ult it h as hich p densit dl
production values of RESs and demands of loads. Power transfers alery/u racapactior, such as fiigh energy/power density, and fong

battery life.
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Isolated MPCs are usually composed of variations of the bridge
topologies for critical applications that require isolation. Many
studies have addressed isolated converters considering large
conversion ratios and isolation requirements [12]. The common
aspect of isolated topologies is the use of high-frequency
transformers (HFTs). Although the HFT increases the complexity
of the system, it provides flexibility with a high conversion ratio in
voltage level and also isolates the ports. The isolated topologies
can be classified by considering the rest of the topology. Studies
that used the topology of the dual active bridge (DAB) converter
are frequently encountered in the literature [13]. The related
topology makes it possible to use zero voltage switching and phase
shift operations to improve the performance of the system [14, 15].
As a variant of the DAB topology, MPC topologies are derived
using multi-winding HFTs. In [14, 16-18], full-bridge converter-
based MPCs are realised by employing multi-winding HFTs. The
related topology provides both galvanic isolation and bidirectional
power transfer between all ports. Besides, full-bridge converter-
based MPCs equipped with resonant tanks have been developed to
improve the efficiency of the overall converters [19]. Some studies
focus on the MPC topologies equipped with a half-bridge converter
with the disadvantages of a narrow duty cycle rather than the full-
bridge converter [20]. The main drawbacks of the MPC topologies
endowed with multi-winding HFTs and their variations are that
many switching devices are used and the control complexities are
high.

In the reduced switch topology context, some authors have
addressed interleaved MPC topologies interfacing input/output
ports using two-winding HFTs [21, 22]. The related topologies
have been designated as partially isolated because they provide
isolation between the primary and secondary sides of the HFT
rather than all ports [23]. The topology proposed in [21] consists of
three ports through the primary side interleaved structure whereas,
in [22], four ports are integrated through the dual interleaved
structure. Besides, various interleaved topologies are suggested in
[21, 24]. In the proposed interleaved topologies, a maximum of two
input ports is employed. In addition to these topologies, a partially
isolated full-bridge based MPC integrated with a bidirectional
buck/boost converter is suggested in [25]. Although the proposed
topology enables the battery to be charged by the PV, it cannot
perform bidirectional power transfer because of the diode rectifier
integrated to the secondary side of the HFT. In addition, topologies
equipped with centre-tapped HFTs have been discussed in [6, 26—
30]. In [29, 30], topologies accompanied by a primary side
equipped with an H-bridge driven in a phase-shifting manner and a
secondary side equipped with a centre tap type rectifier have been
proposed. These topologies have the advantages of a wide zero-
voltage-switching range, no problems related to duty-cycle loss, no
circulating current, and the reduction of secondary-voltage
oscillation and overshoot. Although topologies in [29, 30] differ
from each other in that the rectifier configurations of the secondary
side and the design of controllers are slightly different, both
topologies have one-input and one-output ports.

As it is understood from the literature review, the partially
isolated topologies offer a compact design and low cost when
compared with the fully isolated topologies. However, the
suggested topologies provide constrained voltage gain through the
HFTs turns ratio and need more switches to increase the number of
ports.

This paper proposes a novel isolated multiport bidirectional
DC-DC converter topology integrated with a quasi-Z-source
converter (qZ_iMPC) for a PV powered electric vehicle (EV)
equipped with battery and supercapacitor. Besides, a power flow
management and a corresponding control scheme are suggested.
The proposed converter is composed of a secondary centre-tapped
HFT, an H-bridge converter, a controlled full-wave rectifier, and a
quasi-Z-source converter. The qZ iMPC makes it possible to
achieve a high-voltage gain with low-input battery/supercapacitor
voltage and less duty cycle through the quasi-Z-source converter.
Compared with the converters presented in the literature, the
proposed converter uses less number of active switches to integrate
four ports and allows bidirectional power flow. The performance of
the proposed system is verified with different case studies.
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The rest of the paper is organised as follows: Section 2
introduces the proposed multiport converter topology and describes
its operation principle. Section 3 presents the design of the control
algorithm for the proposed multiport converter. The results of case
studies are presented in Section 4. Section 5 puts forward
conclusions with relevant discussion.

2 Proposed converter and operation principle
2.1 Proposed qZ_iMPC topology

In this paper, a novel four-port converter topology is proposed. The
proposed gZ_iMPC topology is illustrated in Fig. 2, which consists
of a secondary centre-tapped HFT, an H-bridge converter, a
controlled full-wave rectifier, and a quasi-Z-source converter. The
electric motor (EM) of the EV, which is assumed as a load, is fed
by a PV system and buffered by an ESU to provide constant
voltage (CV) to the motor drive of the EV. The ESU is composed
of a battery pack to supply the EM under steady-state conditions,
and a supercapacitor pack to suppress the impact of the inrush
current during transients to avoid the adverse effect on the battery
pack. The gZ_iMPC makes it possible to achieve high-voltage gain
using a quasi-Z-source converter on the ESU side. Thus, the
number of series supercapacitors decreases in parallel with the low
amount of supercapacitor pack voltage and less duty cycle ability.
The secondary side of the HFT is equipped with a controlled full-
wave rectifier. The freewheeling diodes of the switches are biased
and act as a full-wave rectifier for the power flow towards the EM,
while active switches are triggered for the power flow towards the
ESU.

As shown in Fig. 2, the phase-shifted full-bridge DC-DC
converter shares S, switch with the quasi-Z-source DC-DC
converter. Hereby, quasi-Z-source and full-bridge converters are
integrated at the primary side of the HFT. The battery pack and
supercapacitor pack are able to charge via the PV when the
production capacity of PV is higher than the EM demand, or via
the EM during regenerative braking is active. The ESU provides
the power demand of the EM in the case of insufficient irradiation
across the PV. A power flow management system monitors the
instantaneous power generation of PV and varying EM demands.
Thus, the power flow is performed between the PV, ESU, and EM
in various cases. Besides, the converter is controlled with perturb
and observe (P&O) maximum power point tracking (MPPT), DC-
link control, and constant current (CC)/CV charging algorithms.

2.2 Operation principle of the proposed converter

The proposed topology has three different working modes
according to the instantaneous power values of PV and EM; when
the energy is transferred from PV to EM and ESU, the converter
operates in mode 1; when energy is transferred from PV and ESU
to EM, the converter operates in mode 2; when energy is
transferred from EM to ESU, the converter operates in mode 3. The
operation stages and current flows during the modes are presented
in detail in Figs. 3-6. Fig. 3a shows the switching sequence
diagram when the converter operates in mode 1, where T is the
switching cycle of S;—Sg. As shown in Fig. 3a, the converter has
four operation stages during one switching cycle when operating in
mode 1. The value of D determines both the gain of the quasi-Z-
source converter and the direction of power flow. D varies within
the interval of 0-0.5. S5 and Sg switches are off position; however,
freewheeling diodes of these two switches act as a full-wave
rectifier. Fig. 4 shows the current flow in mode 1.

Stage 1 [t;—t,]: At ¢, S} switch is turned ON. As a quasi-Z-source
circuit operates in a non-shoot through the state, i;,1 and iz,
currents increase gradually until the time point #,. Also, the battery
pack and supercapacitor pack are charged through the PV. On the
other hand, the S4 switch is turned ON until the time point #,. In
this manner, the primary voltage of HFT is equal to PV voltage.
The current of PV is equal to the sum of the HFT primary current
and ESU current. Meanwhile, the freewheeling diode of the S;

switch is turned ON and PV power is transferred to the EM.
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Fig. 2 Novel quasi-Z-source integrated isolated multiport DC-DC converter
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Fig. 3 Switching sequence diagrams of

(a) Mode 1, (b) Mode 2, (¢c) Mode 3

Stage 2 [ty—13]: At tp, S3 switch is turned ON. As a quasi-Z-source
circuit still operates in a non-shoot through the state, i;, and iz,
currents increase gradually until the time point #3. Also, the battery
pack and supercapacitor pack are charged through the PV.
However, power transfer from PV to EM is completed because S
and S3 switches are turned ON at this stage. The PV current is
equal to the ESU current and also primary and secondary currents
of HFT decrease to zero. Meanwhile, a freewheeling diode of the
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S5 switch is turned ON and the energy of the HFT is transferred to

the EM. When the primary and secondary currents of the HFT
reach zero, the freewheeling diode of the S switch is turned ON

and EM is fed from the output capacitor (Cyyy).
Stage 3 [t3-t4]: At 13, the S, switch is turned ON. As a quasi-Z-

source circuit operates in a shoot-through state, and battery pack
and supercapacitor pack are not charged through the PV, i;; and

iz g currents decrease gradually until the time point #4. On the other
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Fig. 6 Current flow paths of mode 3
(a) Stage 1 (t11-1), (b) Stage 2 (tp—13), (c) Stage 3 (t3-14)

hand, the S5 switch is turned ON at this stage. In this manner, the
primary voltage of HFT is equal to the negative PV voltage, and
also the primary current of HFT is equal to the negative PV
current. However, the ESU current is not equal to zero and
decreases gradually until the time point #z4,. Meanwhile, the
freewheeling diode of the Sg switch is turned ON and PV power is
transferred to the EM.

3934

Stage 4 [t4—ts]: At t4, the Sy switch is turned ON. As a quasi-Z-
source circuit still operates in a shoot-through state, i741 and iz
currents decrease gradually until the time point #5. Also, the battery

pack and supercapacitor pack are not charged through the PV.
However, power transfer from PV to EM is finished because S, and

S, switches are ON at this stage. Therefore, the PV current is equal
to zero at time point 4 and also the primary and secondary currents
of HFT reach zero. The ESU current decreases gradually until the
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time point #5. Meanwhile, the freewheeling diode of the Sg switch
is turned ON and the energy of the HFT is transferred to the EM.
When the primary and secondary currents of the HFT reach zero,
the freewheeling diode of the S5 switch is turned ON and the EM is

fed from the output capacitor (Cyyy)-

The switching sequence diagram when the converter operates in
mode 2 is illustrated in Fig. 3b. The converter has four operation
stages during one switching cycle when operating in mode 2. D
varies within the interval of 0.5-1. S5 and Sg switches are turned
OFF, however, freewheeling diodes of these two switches act as a
full-wave rectifier. Fig. 5 shows the current flow in mode 2.

Stage 1 [t1—1]: At 11, S; switch is turned ON. As a quasi-Z-source
circuit operates in a non-shoot-through state, iz, and iz, currents
increase gradually until the time point #,. Also, the battery pack and
supercapacitor pack are discharged. On the other hand, the Sy
switch is ON until the time point #,. In this manner, the primary
voltage of HFT is equal to PV voltage. The HFT primary current is
equal to the sum of the PV current and the ESU current.
Meanwhile, the freewheeling diode of the S5 switch is turned ON
and PV and ESU power is transferred to the EM.

Stage 2 [ty—t3]: At tp, S3 switch is turned ON. As a quasi-Z-source
circuit still operates in a non-shoot-through state, iz, and iz
currents increase gradually until the time point #3. Power transfer
from PV to EM is finished because S| and S3 switches are turned
ON at this stage. The currents of PV and ESU are equal to zero at
time point #, and the primary and secondary currents of HFT
decrease to zero. Meanwhile, the freewheeling diode of the Ss
switch is turned ON and the energy of the HFT is transferred to the
EM. When the primary and secondary currents of the HFT reach
zero, the freewheeling diode of the Sg switch is turned ON and the
EM is fed from the output capacitor (Cyyy).

Stage 3 [t3—14]: At t3, the S, switch is turned ON. As a quasi-Z-
source circuit operates in a shoot-through state, i741 and izg
currents decrease gradually until the time point #;. On the other
hand, the S5 switch is turned ON at this stage. In this manner, the
primary voltage of HFT is equal to the negative PV voltage. Also,
the primary current of HFT is equal to the negative PV current.
However, the ESU current decreases gradually until the time point
t4. Meanwhile, the freewheeling diode of the Sg switch is turned
ON and PV power is transferred to the EM.

Stage 4 [t4—t5]: At t4, the Sy switch is turned ON. As a quasi-Z-
source circuit still operates in a shoot-through state, iy and iz
currents decrease gradually until the time point 75. Power transfer
from the PV to the EM is complete because S, and S, switches are
turned ON at this stage. Therefore, the PV current is equal to zero
at time point #5 and also the primary and secondary currents of
HFT are decreased. The ESU current decreases gradually until the
time point z5. Meanwhile, the freewheeling diode of the Sg switch
is turned ON and the energy of the HFT is transferred to the EM.
When the primary and secondary currents of the HFT reach zero,
the freewheeling diode of the S5 switch is turned ON and the EM is
fed from the output capacitor (Cyyy)-

The switching sequence diagram when the converter operates in
mode 3 is illustrated in Fig. 3c. The converter has three operation
stages during one switching cycle. D varies within the interval of
0-1. Dy diode is reverse biased; therefore, no current flows towards

the PV. Fig. 6 shows the current flow in mode 3.

Stage 1 [t;—t;]: At #1, the S5 switch is turned ON. At this time, the
primary voltage of the HFT is equal to the DC-link voltage.
Therefore, the freewheeling diode of the S; switch is turned ON
and the freewheeling diode of the S, switch is turned OFF.

Meanwhile, the quasi-Z-source circuit operates in a non-shoot-
through state, i741 and ipgp currents increase gradually until the

time point #,.

IET Power Electron., 2020, Vol. 13 Iss. 17, pp. 3931-3939
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Stage 2 [t)—t3]: At ty, the Sg switch is turned ON. At this time, the
primary voltage of the HFT is equal to the negative DC-Link.
Therefore, the freewheeling diode of the S, switch is turned ON
and the freewheeling diode of the S; switch is turned OFF.
Meanwhile, the quasi-Z-source circuit operates in a shoot-through
state, i741 and iz, currents decrease gradually until the time point
3.

Stage 3 [t3-t4]: In this time interval, the primary voltage of the
HFT is equal to the negative DC-link; however, the S, switch
current flow reaches zero. Also, i;4 and iz, are constant during
this stage. Therefore, v, and vy, voltages decrease gradually
until the time point #4.

Considering the operation modes of the ESU, the relationship
between the PV voltage (Vpy) and battery voltage (73,) is computed
using the S, duty cycle (D) [25]. It is expressed as follows:

Vi
VP\/: Eb (1)

During the time interval of non-shoot-through and shoot-through
states, inductor voltages and currents of the quasi-Z-source
converter are computed according to (2) and (3), respectively [31]

VLqZ =V,- Vqus Vqu = - Vqus Vpn = VCqZ - Vqu = Vqu (2)
+ Vqu, Vo, = 0

VLqZ =V,+ Vqus Vqu = VCqu Vpn =0, Vp,= (Vqu + VCqZ) (3)

where Vs and V), represent the supercapacitor voltage and output
voltage of the quasi-Z-source converter, respectively.

At the steady-state, the average voltages of the inductors are
zero for one switching cycle. Thus, the voltages of the capacitors
can be derived as follows:

DT(Vew) + (1= DIT( = Veg) _

Vig = - 0 @
Vo= DTVen + Vo + (Tls_ DIVi=Vew _o (o)
Veg = 155 Vs ©)
Ve = 1]__—2%‘/5 7

At the steady-state, the relationship between battery voltage and
supercapacitor voltage is defined as follows [32]:

1
Von=Veqa +Vegp = mvs (8

3 Proposed multi-loop control scheme

The controller of the proposed multiport system performs to meet
multi-control objectives such as power flow management, MPPT,
CC/CV charging, and DC-link control. The optimal power flow
between the PV, ESU, and EM is achieved with the ability of the
power allocation of the controller. The main aims of power flow
management are: (i) to provide the supplying continuity of the EM
considering the limits of the PV and ESU and (ii) to provide
reverse power flow to regain the braking energy. The control of the
overall system is performed by the overall controller structure
shown in Fig. 7.

The power flow management strategy assigns modes of
operation of the system considering the available PV power, EM
demand, and ESU state such as
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begin
number v, v_old, i, p, p_old, ref, ref old, ref delta
input v,i
p=v*
if (p —p_old) != 0) then
if (p—p_old) < 0)then
if v—v_old < 0) then
ref = ref old —ref delta
else
ref = ref old + ref delta
endif
else
if v—v_old < 0) then
ref = ref old + ref delta
else
ref = ref old — ref delta
endif
endif
else
ref = ref old
endif
ref old = ref
v old=v
pold=p
output ref
end

Fig. 8 P&O pseudo-code

Mode I: This mode corresponds to a PV power (Ppy) greater than
the power demanded by the EM (Pgp,). In this state, there is a
surplus of energy to be stored in the ESU (Pggy). PV charges the
battery and the supercapacitor while feeding the EM with the
reference powers are given by the following equations:

Ppy > Ppy

)

Mode 2: This mode corresponds to a PV power less than the power
demanded by the EM. In this state, there is a lack of energy that
should be buffered by the ESU. Therefore, the EM is fed by both
PV and ESU. The reference powers are given by the following
equations:

Pgsy = Ppy — Ppym

Ppy < Ppym

(10)

Pgm = Ppy + Pesu
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Mode 3: This mode corresponds to a braking power that occurs
during the braking of an EV with regenerative capability. In this
state, there is an energy that is transformed into electrical energy
from kinetic energy and is stored in the ESU. So, the battery and
supercapacitor are charged by the EM. The reference powers are
given by the following equations:

PpV = 0
(1)

Pesy = Pem

According to the different power values of PV and EM, qZ-iMPC
is controlled to work in different modes. By distributing the control
domain properly, an automatic transition between these modes can
be realised. Fig. 7 shows the control diagram for the proposed
converter. There are four control loops as follows: P&O MPPT
control loop, DC-link control loop, CC control loop, and CV
control loop. A modified phase-shift modulation scheme is adopted
to control the full-bridge under forward power flow conditions.
The switches S3 and S4 have a constant duty cycle (50%) with a
180° phase shift between each other, whereas the duty cycles of
complementary switches S; and S, vary considering the state
determined by the power flow management system. While the
phase shift between S| and S4/S, and S3 provides DC-link control,
the duty cycle of the switches S| and S, provides maximum power
transfer by controlling the output voltage of PV or provides
bidirectional power flow for the ESU.

The maximum power transfer is performed by the P&O MPPT
method due to the ease of operation and reduced computational
load. The controller monitors the output voltage and current of PV
and computes the instantaneous available power. The algorithm
perturbs the operating voltage to ensure maximum power. The
operational algorithm of the P&O method is explained by a
pseudo-code in Fig. 8.

The excessive power of the PV is transferred to the ESU using
the CC-CV charging algorithms during mode 1 according to (6).
The controller prevents the charging current from exceeding half of
the battery pack capacity (i.e. 0.5 C). When the charge current of
the battery pack reaches the reference value of 30 A (Iys), the
controller keeps the charge current constant. The CC control
continues until the battery voltage rises to the reference value of
217.8 V (Viper). The CC charging is followed by the CV charging,
and the charge current gradually decreases to 0.05 C and the
charging process completes. The CC—CV charging is achieved by
regulating the duty cycles of the switches S; and S,. Besides, CC—
CV charging is performed by adjusting the duty cycles of S5 and Sg
switches during mode 3. The difference between the measured
current (I,)/voltage (Vp) and the determined reference current
(Iprer)/voltage (Vipeer) for each control is obtained and applied to the
proportional-integral (PI) controllers for CC and CV charging
algorithms, respectively. The ESU and PV feed the EM during
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Fig. 10 PV characteristics

mode 2 by controlling the reference voltage of DC-link through the
loops of DC-link control and P&O MPPT control. The DC-link
controller adjusts the phase shift angle between the S| and S4/S,
and S3. The reference value of the EM DC-link voltage (Vycrer) 1S
subtracted from the measured DC-link voltage (V) to calculate
the error. The error signal is applied to the PI controller to generate
the phase shift angle (¢). The overall control algorithm of the
system is given in Fig. 9

CC charging Vi < Vs and Iy > Tyt

I, charging Vi, < Ve and Iy < lpger (12)
CV charging Vj < Vet

4 Performance analysis

This section presents the performance evaluation of the proposed
system. To evaluate the performance of the qZ iMPC topology and
designed controllers, a standalone prototype is developed in a
MATLAB/Simulink environment for 10 kVA EM fed by PV and
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Table 1 Parameters of the developed system

System Parameter Value
PV PV maximum power (1000 W/m?2) 9.6 kW
maximum power point voltage (1000 435V
W/m2)
maximum power point current (1000 22 A
W/m?2)
PV maximum power (250 W/m?2) 2.4 kW
maximum power point voltage (250 435V
W/m2)
maximum power point current (250 W/m2) 5.5 A
PV capacitor (Cpy) 300 uF
ESU battery capacity 60 Ah
battery nominal voltage 200V
battery maximum charge current 30A
supercapacitor rated capacitance 1F
supercapacitor rated voltage 0V
supercapacitor number of series capacitor 4
supercapacitor number of parallel 1
capacitor
quasi-Z-source quasi-Z-source inductors (Lg1, Lg2) 1mH
converter quasi-Z-source capacitors (Cg1, Cqz) 100 uF
general DC-link capacitor (Coyt) 1000 pF
nominal DC bus voltage 350V
switching frequency 20 kHz
transformer turns ratio 1:1:1
Table 2 Details of case studies
Case 1 Case 2
Time intervals Time intervals
0-05s 0.5-1s 0-0.12s 0.12-05s
irradiation 1000 W/m2 250 W/m2 1000 W/m2 250 W/m?
temperature 25¢C° 25¢C° 25C° 25¢C°
EM demand 5 kW 5 kW -3 kW -3 kw

ESU charging/  charging discharging charging (CC) charging (CV)
discharging

mode transition mode 1 mode 2 mode 3 mode 3

ESU. The switching elements of power circuits are insulated-gate
bipolar transistors because of the power rating and the switching
frequency. In this study, a PV module in the rating of 9.6 kW,
namely 1STH-215-P of the Soltech company, is used considering
the actual irradiation parameter. The characteristic curves of PV
under varying irradiance and constant temperature are illustrated in
Fig. 10. The parameters of the developed system are shown in
Table 1. The presented system is tested under two case studies
summarised in Table 2. Case studies are formed in this way to
verify that all modes can be performed by the proposed system.

The first case corresponds to both mode 1 and mode 2, as well
as dynamic responses in the transition between the two modes. The
time interval of 0-0.5s represents mode 1 with 1000 W/m?2
irradiation, 25 C° and 5 kW EM demand. Fig. 11 shows the steady-
state and dynamic responses of the proposed system for case 1. The
instantaneous PV power is higher than the power demand of the
EM. Thus, the DC-link of the EM is controlled via PV through the
DC-link controller. As illustrated in Fig. 11, the DC-link is kept
under the desired voltage value and the power demand of the EM is
provided. The difference between the EM demand and the
instantaneous power of the PV corresponds to the charge power of
ESU. It is clear that the instantaneous power values of the PV,
ESU, and EM are 9.58, 4.2, and 5 kW, respectively. As shown in
Fig. 11, the ESU is operated in charging mode and is charged with
its nominal charge current since the available power of PV
transferred to ESU is limited.
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Fig. 11 Results for case 1

Table 3 Comparison of conventional converters and
proposed gqz_iMPC

Model Port  Number Efficiency, Bidirectional

number of % port
switches

transformer 3 6 91.5 ESU

coupled half-

bridge [20]

transformer 3 12 91 ESU

coupled full-

bridge [17]

half-bridge [27] 3 4 94 ESU

full-bridge [28] 3 8 91 ESU

full-bridge 4 8 96 ESU

interleaved [21]

proposed 4 6 96 ESU, load

qz_iMPC

The dynamic performance of the standalone system is verified
with the sudden change in the irradiation of the PV decreased to
250 from 1000 W/m2. The time interval of 0.5—1 s represents mode
2 with 250 W/m? irradiation, 25 C° and 5 kW EM demand. During
the current time interval, the PV generation power is not sufficient
to supply the EM. The DC-link voltage cannot be kept constant via
PV. As shown in Fig. 11, the power deficit is buffered by ESU and
the DC-link is kept constant. It is clear that the instantaneous
power values of the PV, ESU, and EM are 2.39, —2.88, and 5 kW,
respectively. Thus, the ESU is operated in discharging mode. The
supercapacitor discharges in milliseconds after the sudden change
in the irradiation of the PV. In the current two time intervals, the
P&O MPPT controller continuously tracks the maximum power
point with the output voltage of 435 V and output current of 22 and
5.5 A, respectively.
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Fig. 12 Results for case 2

The second case corresponds mode 3. In the current mode,
since it is not possible to transfer power to PV, the braking power is
supplied to ESU. Fig. 12 shows the steady-state and dynamic
responses of the proposed system for case 2. The time interval of
0-0.12 s represents the CC charging of the ESU unit for 3 kW
braking power. As can be seen in Fig. 12, the charging current
remains constant at its maximum allowable value until it switches
to CV mode. It is clear that the charging current is 12.5 A. During
the current time interval, the voltage of the ESU linearly increases
with the braking power. When the battery voltage reaches the
threshold value, the controller switches to the CV charging mode.
The time interval of 0.12-0.5 s represents the CV charging of the
ESU unit for 3 kW braking power. As illustrated in Fig. 12, the
charging current decreases according to the state of the battery.

The efficiency analysis of the proposed system is performed for
case 1, case 2, and case 3, considering the amount of generated
electrical power of PV and absorbed/injected power of the EM. As
can be seen from the power waveforms of PV, battery,
supercapacitor, and EM in Figs. 11 and 12, the efficiency values of
the proposed converter are 96.03, 94.87, and 88.83% for case 1,
case 2, and case 3, respectively. The results reveal that the
proposed system has high-efficiency values.

Table 3 outlines the comparative analysis between the proposed
qz_iMPC and existing MPC topologies based on port number,
number of switches, efficiency, and possible bidirectional power
flow modes. Among these converters, the proposed converter
excels with the advantages of reduced switch topology and high
efficiency.
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5 Conclusion

In this paper, a novel quasi-Z-source converter integrated isolated
multiport bidirectional DC-DC converter topology and control
method has been proposed. The main superior aspect of the
proposed system is integrating four ports with reduced switch
converter topology. Also, the proposed converter provides a high-
voltage gain with a low amount of battery/supercapacitor voltages
with less duty cycle. In addition, it allows designing a transformer
with a low turn ratio, improving the efficiency of HFT. Thus, the
voltage spikes caused by the leakage inductance of HFT are
reduced. The functionalities of the proposed topology are: (i)
providing uninterrupted power to the EM by PV and ESU, (ii)
charging battery/supercapacitor packs via PV when the EM
demand is lower than the PV power, (iii) charging battery/
supercapacitor packs via the braking energy of the EM. The
performance of the system is tested with different operational
modes. As a result, the proposed system performs all power flow
variations between the ports and implements all control methods
which consist of CC/CV charging, MPPT, and DC-link control.
The results and efficiency values for different cases validate the
applicability of the proposed system.
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