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Abstract: Conventional hybrid vehicles with two energy sources require two separate on-board
DC/DC converters to connect the battery and the fuel cell, which have the disadvantages of large size,
high cost, high losses and few applicable operating conditions. To address this situation, this paper
proposes an optimized on-board integrated DC/DC converter with a non-isolated multi-port scheme
that integrates a unidirectional port for the fuel cell and a bidirectional port for the battery and load.
This can achieve a combined energy supply and recovery with a single integrated converter, effectively
overcoming the above disadvantages. The optimized converter topology is relatively simple, and the
magnetic losses of the transformer are removed. Furthermore, the switched capacitor is introduced
as a voltage doubling unit to achieve high-gain output, so the fuel cell and battery voltage demand
levels are reduced under the same load conditions. In addition, it has superior performance in system
energy management for hybrid vehicles, which can distribute power and switch operating states by
controlling the on/off of switching devices to make it suitable for five driving conditions. This paper
discusses in detail the operating principles of the converter and analyzes its steady-state performance
under five operating modes, derives its dynamic model, and proposes a proportional-integral control
scheme. Finally, the simulation model of the topology is built by Matlab/Simulink software to verify
the converter operation in each driving state, and the simulation experimental results verify the
applicability of the proposed integrated DC/DC converter topology.

Keywords: hybrid vehicle; integrated converter; voltage doubling unit; high gain; multiple operating
states

1. Introduction

With the increasingly severe problems of environmental pollution and energy shortage,
the development of electric vehicles has received widespread attention, but the imperfect
development of its charging technology has given rise to concerns about its cruising mileage.
Thanks to the advantages of fast gas filling, no pollution, and the high energy conversion
rate of fuel cells [1,2], hybrid cars with two energy sources, fuel cell and battery, not only
eases concerns about mileage anxiety, but also the disadvantage of the slow power response
of fuel cells can be compensated by the another energy source, the battery [3]. Therefore,
fuel cell hybrid vehicles with two energy sources have become one of the hot spots in the
development of new-energy vehicles nowadays.

In the conventional multi-energy structure of fuel cell hybrid cars, the power trans-
mission circuit is composed of a plurality of dual-port DC/DC converters. However, the
more DC/DC converters, there will be higher system power loss, which is not conducive
to the integration and miniaturization of on-board devices. So, the key point of research for
hybrid vehicle converters is to simplify the structure of the circuit. Multi-port integrated
DC/DC converter has the advantages of flexible energy distribution, simple structure,
and low cost [4], and depending on whether there is an electrical isolation circuit formed
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by a transformer between the ports or not, it is divided into three kinds of structures:
isolated topology, semi-isolated topology, and non-isolated topology. Isolated topology
can easily achieve multi-port transformation, and its ports can be easily expanded and
modularized [5,6], having strong anti-interference ability. Nevertheless, the large size of
the transformer also leads to high power cycle losses and design costs, especially for high-
frequency and high-power transmission conditions [7,8]. Semi-isolated topology makes
it easy to implement circuit integration using multiplexing power devices [9,10], but it
still suffers from the drawback that magnetic losses cannot be reduced. And non-isolated
topology lacking electromagnetic winding, is the simplest circuit structure, has lower power
losses and more concentrated power density, and is an easier way to implement circuit
integration.

However, the disadvantages cannot be ignored, such as the topology’s ports being
difficult to expand, its small single-stage conversion gain, the few applicable operating
states, that each power cannot be supplied separately, that energy distribution is not
possible, that leakage energy of coupled devices requires additional circuitry for elimination,
the excessive ripple and inrush current, etc.

Considering these problems, the research on improving the on-board multi-port
integrated converter has become a hot topic nowadays. In the literature [11], the use
of pulse power supply units for direct port construction is mentioned, as well as the
single-level power conversion between ports. In [12], a means of adding a few power
devices into the Cuk topology to extend the energy storage ports is introduced. In [13–15],
researchers connected the auxiliary power supply circuit in series with the main energy
source to achieve a higher voltage gain, while fewer devices also made it more efficient. A
kind of four-port converter in [16] improves the applicability of the topology by adding a
low-voltage output port. The literature [17] gives an idea of using complementary pulse
conduction to reduce conduction losses. A method based on synchronous rectification
control to achieve power sizing of the port is presented in [18]. In [19–22], they simplify
the topology by multiplexing the inductors, and the coupling inductor and switching
capacitor improve the voltage gain while also giving itself low current ripple and soft
switching characteristics. Switched capacitors are also introduced as voltage-doubling
elements in order to increase the voltage gain too in [23–26]. The literatures [27,28] introduce
bootstrap circuits capable of multi-state operation. In one study [29], a phase-shifted carrier
modulation method is proposed to suppress the current ripple and reduce the size of the
topology device by a significant amount. On the other hand, another study [30] describe in
detail the performance analysis methods for various operating states of the non-isolated
converters in continuous conduction conditions, perform stability analysis, and give a
scheme for dynamic model calculations.

By pulling together the ideas mentioned above, for fuel cell hybrid vehicles, this
paper proposes the solution of an improved non-isolated three-port integrated converter,
which can be well-used effectively in the dual-energy source structure of the fuel cell and
battery. Compared to traditional multi-energy structure converters, this proposed topology
has a simpler and more compact structure, shorter power conversion paths and higher
integration. In this solution, the voltage doubling unit is adopted to achieve higher output
gain which can effectively reduce the input energy source voltage level, and the auxiliary
circuits to suppress capacitive inrush currents is also be used, which can enhance safety.
Moreover, this solution can apply to other working conditions, and, at the same time, can
make more reasonable power distributions and can increase the system output power.

2. Improved Converter Topological Structure and Operating Principle
2.1. Topological Structure

The proposed structure of the integrated converter for hybrid vehicles is shown in
Figure 1. The input ports of the converter topology are fuel cell (main energy) and battery
(auxiliary energy) ports, and the output port is the bus connected to the inverter. Fuel cell
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voltage, battery voltage, and output voltage are respectively marked by Vfc, Vbat, and uo,
and the relationship between these values is as follows: Vfc < Vbat < uo.
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Figure 1. The Structure of Integrated Converter for Fuel Cell Hybrid Vehicle.

In the structure shown in Figure 1, the forward high-gain circuit consists of two booster
inductors, L1 and L2, and switched capacitor C1, and a negative temperature coefficient
(NTC) thermistor R1 is used to inhibit the current surge in the capacitor at the moment of
turn-on. In addition, the inductor L2, which, with the switch S5, is used again to form a
charging loop from the main energy to auxiliary energy. Switch S4 controls the feedback
circuit from the output port to the auxiliary energy. Switches S3 and S6 control the operation
of the battery and the opening of the dual-source operating state.

2.2. Operating Principle

As shown in Figure 2, this converter topology works on continuous conduction
conditions with five different working states. State 1 is the fuel-cell-energy operating state.
State 2 is the battery energy operating state. State 3 is a hybrid dual-energy operating state.
State 4 is the battery charging state. State 5 is the feedback state.
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Figure 2. Equivalent circuits of five different operating states: (a) State 1; (b) State 2; (c) State 3;
(d) State 4; (e) State 5.
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1. State 1:

In this state, switch S3 and S6 and the anti-parallel diode of S3 are all turned off, while
the anti-parallel diode of S6 is turned on. Its equivalent circuits are shown in Figure 2a
which has three modes:

• Mode 1:

Switch S1 is turned on but S2 is turned off, the inductor L2 is charged while inductor
L1 discharges to capacitor C1, and the load Ro supplied by capacitor Co. It can be deduced
that uL1 = Vfc − uc1 − ir1R1, uL2 = Vfc;

• Mode 2:

Switch S1 and S2 are both turned on, the inductors L1 and L2 are charged, the load Ro
is still supplied by capacitor Co. It can be deduced that uL1 = uL2 = Vfc;

• Mode 3:

Switch S2 is turned on and S1 is turned off, the inductor L1 is charged, while the
inductor L2 and capacitor C1 discharge to the load Ro together. It can be deduced that
uL1 = Vfc, uL2 = Vfc + uc1 − uo.

2. State 2:

In this state, switches S3 and S6 are always turned on, and the diode D6 is cut off by
voltage clamping. The equivalent circuit is shown in Figure 2b, its working mode is exactly
the same as in state 1, in which only the input source is different. As a result, we will not
introduce this state again.

3. State 3:

In this state, switch S3 is always turned on, while the anti-parallel diode of S6 is cut off
by voltage clamping. The equivalent circuit, which has four modes, is shown in Figure 2c
which has four modes.

• Mode 1:

Switch S1 is turned on and S2 is turned off, the inductor L2 is charged while inductor
L1 discharges to capacitor C1, and the load Ro supplied by capacitor Co. It can be deduced
that uL1 = Vbat − uc1 − ir1R1, uL2 = Vfc;

• Mode 2:

Switch S1 and S2 are turned on, the inductors L1 and L2 are charged, the load Ro is
still supplied by capacitor Co. It can be deduced that uL1 = Vbat, uL2 = Vfc;

• Mode 3:

Switch S2 is turned on and S1 is turned off, the inductor L1 is charged, while the
inductor L2 and capacitor C1 discharge to the load Ro together, it can be deduced that
uL1 = Vbat, uL2 = Vfc + uc1 − uo;

• Mode 4:

Switch S1 and S2 are turned off, the fuel cell circuit will be connected in parallel with
the battery circuit. It can be deduced that uL1 = Vbat − uo − ir1R1, uL2 = Vfc + uc1 − uo.

4. State 4:

In this state, switches S3 and S6 are turned off, while the anti-parallel diode of S3 is
cut off by voltage clamping and the anti-parallel diode of S6 is turned on. The equivalent
circuit is shown in Figure 2d, followed by its three operating modes.

• Mode 1:

Switch S2 and S5 are turned off and the switch S1 is turned on, so the inductor L2 can
be charged and L1 discharges to capacitor C1 while the load resistance Ro is supplied by
capacitor Co. It can be deduced that uL1 = Vfc − uc1 − ir1R1, uL2 = Vfc;
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• Mode 2:

Switch S1 and S2 are turned off and the switch S5 is turned on, the load circuit is
connected in parallel with the battery, so the inductor L2 discharges to the load Ro, and
capacitors C1 is charged by the electric potential difference between the load and the battery,
it can be deduced that uL1 = Vfc − uo, uL2 = Vfc − Vbat, uc1 = uo − Vbat;

• Mode 3:

Switch S2 and S5 are turned on but S1 is turned off, the inductor L1 is charged, while
L2 discharges to the battery port and load in series with the capacitor C1 simultaneously. It
can be deduced that uL1 = Vfc, uL2 = Vfc − Vbat;

5. State 5:

Diodes D2 and D5 are cut off by voltage clamping in this state, as the equivalent circuit
is shown in Figure 2e, which has the same two operating modes as the Buck converter.

• Mode 1:

Switch S4 is turned on. Meanwhile, the inductor L3 and the battery port are charged
by the feedback-load. It can be deduced that uL3 = uo − Vbat;

• Mode 2:

Switch S4 is turned off, then the inductor L3 is renewed by diode D3. It can be deduced
that uL3 = Vbat.

In order to simplify the hybrid vehicle’s energy distribution control strategy, this paper
only discusses the problem of the equal duty cycles of S1 and S2 when the fuel cell or
battery acts separately, and the different duty cycles of S1 and S2 when the fuel cell works
with the battery for power distribution.

3. Steady-State Analysis

The corresponding voltages of the three ports of the integrated converter topology
proposed in this paper are Vfc, Vbat, and uo, and the output voltage in different states is
determined by the duty cycle. NTC thermistor resistance value decreases as the temperature
rises due to instantaneous high current conduction, so it is assumed that the thermistor
resistance value and voltage ripple of capacitors C1 and Co can be neglected under steady-
state conditions. If we consider the switching device as an ideal device, then, in a cycle,
then there is an input-output relationship for each operating state as described below.

3.1. Topology-Gain Analysis
3.1.1. State 1

The input voltage in this state is Vfc, and the duty cycle of switch S1 and S2 is D. By
applying the volt-second balance low over the inductors L1 and L2, we have:

Vf cDT + (Vf c − uc1)(1− D)T = 0 (1)

Vf cDT + (Vf c + uc1 − uo)(1− D)T = 0 (2)

the voltage across capacitor C1 and the output voltage can be derived from Equations (1)
and (2) as follows.

uc1 =
1

1− D
Vf c (3)

uo =
2

1− D
Vf c (4)
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3.1.2. State 2

The input voltage in this state is Vbat, and the duty cycle of switch S1 and S2 is D. By
applying the volt-second balance low over the inductors L1 and L2, we have:

VbatDT + (Vbat − uc1)(1− D)T = 0 (5)

VbatDT + (Vbat + uc1 − uo)(1− D)T = 0 (6)

the voltage across capacitor C1 and the output can be derived from Equations (5) and (6)
as follows.

uc1 =
1

1− D
Vbat (7)

uo =
2

1− D
Vbat (8)

3.1.3. State 3

In this state, Vfc and Vbat are the input voltages of converter circuit; meanwhile, d1
and d2 are the duty cycle of switches S1 and S2. The volt-second balance analysis of the
inductor is divided into three cases: d1 + d2 ≥ 1, d1 + d2 < 1 while d1 > d2, and d1 + d2 < 1
while d1 < d2.

When d1 + d2 ≥ 1,

Vbatd2T + (Vbat − uc1)(1− d2)T = 0 (9)

Vf cd1T + (Vf c + uc1 − uo)(1− d1)T = 0 (10)

the voltage across capacitor C1 and the output voltage can be derived from Equations (11)
and (12) as follows.

uc1 =
1

1− d2
Vbat (11)

uo =
1

1− d1
Vf c +

1
1− d2

Vbat (12)

If d1 + d2 < 1 and d1 > d2, assume the time interval when the switch S1 is on and S2 is
off, while the switching capacitor C1 is charged by the battery, as a proportion of the cycle
T is ϕ. The modulation method should make ϕ increase as much as possible to ensure that
the power of the battery is saved into the capacitor C1, and, because d1 is greater than d2, so
d1 − d2 ≤ ϕ ≤ d1. Thus,

Vbatd2T + (Vbat − uc1)ϕT + (Vbat − uo)(1− d2 − ϕ)T = 0 (13)

Vf cd1T + (Vf c + uc1 − uo)(1− d1)T = 0 (14)

the voltage across capacitor C1 and the output can be derived from Equations (9) and (10)
as follows.

uc1 =
Vbat − (1− d2 − ϕ)

ϕ
uo (15)

uo =
ϕ

(1− d1)(1− d2)
Vf c +

1
1− d2

Vbat (16)

Similar to condition 2 above, when d1 + d2 < 1 and d1 < d2, then 0 < ϕ ≤ d1. The
volt-second balance analysis of the inductors L1 and L2 is the same as Equations (9) and
(10) under this condition, and the voltage across capacitor C1 and the output are the same
as Equations (11) and (12). As ϕ = 0, battery supplies power to load directly, and the
volt-second balance analysis is shown below.

Vbatd2T + (Vbat − uo)(1− d2)T = 0 (17)
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Vf cd1T + (Vf c + uc1 − uo)(1− d1)T = 0 (18)

the voltage across capacitor C1 and the output can be derived from Equations (13) and (14)
as follows.

uc1 =
(1− d1)uo −Vf c

(1− d1)
(19)

uo =
1

1− d2
Vbat (20)

The above Equations (12), (16) and (20) show the calculation formula and control
method of energy distribution for this topology. Analyzing the ideal state of d1 + d2 ≥ 1,
Equation (12) is multiplied by the output current Io and the respective input power of the
fuel cell and the battery can be known, which will be explained later.

3.1.4. State 4

The input voltage in this state is Vfc, while the output is Vbat and uo, and the duty
cycles of switches S1, S2, and S5 are d1, d2, and d5, of which S1 and S5 are in complementary
conduction such that d1 + d5 = 1. When S5 is on, the capacitor C1 and the load Ro will form
a parallel connection, the battery discharges to the capacitor and load, then uo = uc1 + Vbat,
by applying the volt-second balance low over the inductors L1 and L2, we have:

(Vf c − uc1)d1T + (Vf c − uc1 −Vbat)(d5 − d2)T + Vf cd2T = 0 (21)

Vf cd1T + (Vf c −Vbat)(d5 − d2)T + (Vf c −Vbat)d2T = 0 (22)

the voltage across capacitor C1 and the output of the battery and load port can be derived
from Equations (21) and (22) as follows.

uc1 =
d2

d5(1− d2)
Vf c (23)

Vbat =
1
d5

Vf c (24)

uo = uc1 + Vbat =
1

d5(1− d2)
Vf c (25)

3.1.5. State 5

The load feedback voltage is uo, the battery’s energy-storage port voltage is Vbat, and
the duty cycle of switch S4 is d4, by applying the volt-second balance low over the inductors
L1 and L2, we have:

(uo −Vbat)d4T −Vbat(1− d4)T = 0 (26)

the transformer voltage relationship is simply shown below.

Vbat =
1
d4

uo (27)

3.2. Switching Capacitor Charge/Discharge Characteristics Analysis

Taking state 1 as an example, the equivalent circuit for the capacitor charging and
discharging is shown in Figure 3.
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Figure 3. The equivalent circuit for capacitor charging and discharging: (a) charging circuit;
(b) discharging circuit.

In Figure 3, Rds is the on-resistance of switch S1, VF is the on-voltage drop of diode,
the inductor and capacitor internal resistance is much smaller than the equivalent load Ro,
and R1 is the NTC thermistor. If the inductor and capacitor internal resistance is ignored,
the voltage ripple coefficient of the switching capacitor is analyzed as follows.

According to the relationship between the capacitor voltage and current:

C1
duc1

dt
= ic1 (28)

since the inductor current is constant over the period, the value of the change in inductor
current is ∆i+L1=∆i−L1. Obviously, the current of capacitor C1 in Figure 3 is ∆i+L1 or ∆i−L1,
as follows:

i+c1 = ∆i−L1 =
1
L1

(Vf c − 3VF − uc1 − ∆i−L1R1)(1− d2)T = ∆i+L1 =
1
L1

(Vf c − 2VF)d2T (29)

substituting Equation (29) into Equation (28) yields the capacitor voltage ripple as:

∆uc1 =
1

C1L1
(Vf c − 2VF)d2T (30)

the ripple coefficient γ is:

γ =
∆uc1

Vf c
=

1
Vf cC1L1

(Vf c − 2VF)d2T (31)

As can be seen from Equation (31), the larger the duty cycle and switching period, the
larger the γ, while the larger the inductance and capacitance values, the smaller the γ.

Because of the mismatch of the voltage between the input and capacitor, another NTC
resistor is connected in the series circuit, then the resonant spike current that appears in the
capacitor at the moment of conduction is calculated as follows.

i =
I f cintZn + Vf csinwnt

Zn + R1sinwnt
(t→ 0+) (32)

where Zn =
√

L1/C1 is the inductor-capacitor series characteristic impedance, wn = 1/
√

L1/C1
is the series resonant frequency. Apparently, when the resistance R1 is zero, the starting
current approach to the initial current of inductor discharging I f cint at t tends to be zero.
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3.3. Voltage and Current Analysis

Analyzing various equivalent circuits, we can obtain the voltage stress of switches
S1–S6 and diodes D1–D5 as: 

us1 = uD2 = uo − uc1
us2 = uc1
us3 = ub − u f c
us4 = uD4 = uo − ub
us5 = uD5 = ub

(33)

according to the input-output gain relationship derived from Section 2.2, combined with
the power conservation theorem, the following conclusions can be easily deduced.

• The average current of inductors is equal at state 1 and state 2, and the sum of the two
is equal to the input current Iin. The system does not carry out power distribution at
this time, thus:

IL1 = IL2 =
1
2

Iin =
1
2

2
(1− D)

Io (34)

where Iin can be the input current of the fuel cell or battery, and D is the duty cycle of
switches S1 and S2.

• Similarly, IL1 and IL2 are equal to the battery input current Ib and fuel cell input current
Ifc, respectively, at state 3, so:

IL1 = Ib =
1

(1− d2)
Io (35)

IL2 = I f c =
1

(1− d1)
Io (36)

or
IL2 = I f c =

ϕ

(1− d1)(1− d2)
Io (37)

• As mentioned before, the average current IL1 and IL2 is equal to the fuel cell input
current Ifc1 and Ifc2 at state 4, so:

IL1 = I f c1 =
1

(1− d2)d5
Io (38)

IL2 = I f c2 =
1
d5

Ib (39)

• When braking feedback, the average current IL3 of inductor IL3 is equal to the output
current Ib, thus we can obtain:

IL3 = Ib =
1
d4

ILoad (40)

where ILoad is the braking feedback current.

4. Topology Dynamic Modeling and Controller Solutions

The improved converter topology can work in five operating states, and each of them
corresponds to a different power output requirement. In states 1 and 2, the system does
not perform power distribution, so only the output voltage is controlled. In state 3, it is
necessary to control the voltage of the output and capacitor C1, thereby controlling the
power input of the different ports. In state 4, the output of the load and battery port needs
to be controlled, which can be achieved by adjusting the voltage of capacitor C1. In state 5,
only the battery port voltage needs to be controlled.
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Based on the above output requirements, the mathematical model of the topology is
analyzed. As described previously in Section 2.1, since the structure of models 1 to 4 is
similar, let the current through the inductors L1 and L2 and the voltage across the capacitors
C1 and Co be the state variables x̂1,2,3,4. Furthermore, let the duty cycle d1 and d2 be the
control variables û1,2,3,4. For state 5, set the current of the inductor L3 and the voltage of
the capacitor Cb at the battery end as state variables x̂5, and the duty cycle d4 as the control
variables û5.

In addition, let Ro and Rb be the load and battery port equivalent resistance in known
conditions. Finally, five different state space averaging models can be derived as follows.

State 1: switches S1 and S2 have an equal duty cycle d1 = d2 = D in this state to control
the output voltage Uo, its state-space expression is:

L1
diL1
dt = Vf c − (1− D)(u f c + iL1R1)

L2
diL2
dt = Vf c + (1− D)(uc1 − uo)

C1
duC1

dt = (1− D)iL1 − (1− D)iL2

Co
duCo

dt = (1− D)iL2 − uo
Ro

(41)

State 2: as in 1, the input voltage is changed. Its state-space expression is,
L1

diL1
dt = Vbat − (1− D)(u f c + iL1R1)

L2
diL2
dt = Vbat + (1− D)(uc1 − uo)

C1
duC1

dt = (1− D)iL1 − (1− D)iL2

Co
duCo

dt = (1− D)iL2 − uo
Ro

(42)

State 3: the duty cycle d1 and d2 control the output voltage Uo and Capacitance voltage
Uc1. Its state-space expression is:

L1
diL1
dt = Vbat − (1− d2)(u f c + iL1R1)

L2
diL2
dt = Vf c + (1− d1)(uc1 − uo)

C1
duC1

dt = (1− d2)iL1 − (1− d1)iL2

Co
duCo

dt = (1− d1)iL2 − uo
Ro

(43)

State 4: the duty cycle d1 and d2 control the output voltage Uo and Capacitance voltage
Uc1 and then the battery port voltage Vbat will be uniquely determined by the former. Its
state-space expression is:

L1
diL1
dt = Vf c − (1− d1 − d2)uo − d1uc1 − (1− d2)iL1R1

L2
diL2
dt = Vf c + (1− d1)(uc1 − uo)

C1
duC1

dt = (1− d2)iL1 − d2(iL2 − uo
Rbat

+ uc1
Rbat

)

Co
duCo

dt = d2(iL2 − uo
Rbat

+ uc1
Rbat

)− uo
Ro

(44)

State 5: {
L3

diL3
dt = d4(uo −Vbat)− (1− d4)Vbat

Cb
dvbat

dt = d4iL3 − Vbat
Rbat

(45)

Based on the small-signal modeling approach [31,32], the state variables x̂, control
variables û, and input variables v̂ in Equations (41)–(45) contain stable values X̂, Û, V̂ and
small-signal perturbations ˆ̃x, ˆ̃u, ˆ̃v. Assuming that the perturbation is much smaller than
the stability term in one cycle, the matrix form of the small signal model is obtained by
substituting it into expressions (41) to (45) and neglecting its second-order term as follows:
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States 1 and 2:

A =


− R1

L1
(1− D) 0 − (1−D)

L1
0

0 0 1−D
L2

− 1−D
L2

1−D
C1

− 1−D
C1

0 0
0 1−D

Co
0 0

, x̃ =


ĩL1
ĩL2
ũc1
ũo

, B =


Uc1 + IL1R1

Uo −Uc1
IL2 − IL1
−IL2

, ũ = d̃, C =


0 0 0 0
0 1 0 0
0 0 0 0
0 0 0 1

 (46)

State 3:

A =


− R1

L1
(1− D2) 0 − (1−D2)

L1
0

0 0 1−D1
L2

− 1−D1
L2

1−D2
C1

− 1−D1
C1

0 0
0 1−D1

Co
0 0

, x̃ =


ĩL1
ĩL2
ũc1
ũo

, B =


0

Uo −Uc1
IL2
−IL2

Uc1 + IL1R1
0
−IL1

0

, ũ =

[
d̃1

d̃2

]

C =


0 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

.

(47)

State 4:

A =


− R1

L1
(1− D2) 0 −D1

L1
− (1−D1−D2)

L1

0 0 1−D1
L2

− 1−D1
L2

1−D2
C1

−D2
C1

0 0
D2 0 0 0

, x̃ =


ĩL1
ĩL2
ũc1
ũo

, B =


Uo −Uc1 Uo + IL1R1
−Uo Uc1

0 Uo−Uc1
Rbat

− IL1 − IL2

0 IL1 − Uo−Uc1
Rbat

,

ũ =

[
d̃1

d̃2

]
, C =


0 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1


(48)

State 5:

A =

[
0 −1

D4 0

]
, x̃ =

[
ĩL3
ũbat

]
, B =

[
D4 Uo
0 IL3

]
, ũ =

[
ũo

d̃4

]
, C =

[
0 1

]
(49)

In summary, this paper discusses the corresponding small-signal models for the five
states, and then the system transfer function can be derived to analyze the closed-loop
control method.

In designing the controller, a proportional-integral controller is used to eliminate
the steady-state error of the system and improve the dynamic following performance of
the system.

It is important to emphasize that, due to the discharge characteristics of the fuel
cell itself, the topology requires that the power input be able to be changed in time to
meet the load demands and protect the fuel cell. Therefore, in state 3, the topology will
make the input power Pfc proportional to Pbat according to the energy management strategy.
According to Equations (11), (12), (35) and (36), this proportional relationship is expressed as
Pfc:Pbat = (Uo−Uc1):Uc1. Therefore, the control volume also needs to control the relationship
between the magnitude of the load output and the capacitor C1 voltage to regulate the
proportion of power input.

Figure 4 shows the control block diagram for system state 1 to 5. The error value
is used as the input to the PI controller, and the PI controller output is limited by the
saturation module, which subsequently controls the PWM waves.
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When the topology is operating in state 3, Figure 6a shows the process of output 
voltage stabilization when changing the voltage proportionality (Uo-Uc1):Uc1. Then, Figure 
6(b) shows the effect of changing the ratio of the two energy power inputs with the desired 
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peated. 

Figure 4. System control block diagram: (a) control block diagram of state 1 to 4 (d1 = d2 at
state 1 and 2, d1 6= d2 at state 3 and 4); (b) control block diagram of state 5.

The following image is derived from Matlab/simulink software, which shows the
output waveform of the system after adding PI control. When the topology is working in
state 1 or 2, Figure 5a shows the process of output voltage stabilization when the topology
repeatedly switches loads, and Figure 5b shows the performance of the output voltage
following the desired value.
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Figure 5. The effect of controller under working state 1 and 2: (a) output voltage under load switching
conditions; (b) output voltage following the desired value schematic.

When the topology is operating in state 3, Figure 6a shows the process of output
voltage stabilization when changing the voltage proportionality (Uo−Uc1):Uc1. Then,
Figure 6b shows the effect of changing the ratio of the two energy power inputs with the
desired voltage ratio. The control principle of state 4 does not differ from state 3, so it is
not repeated.



World Electr. Veh. J. 2023, 14, 9 13 of 20
World Electr. Veh. J. 2023, 14, x FOR PEER REVIEW 14 of 21 
 

  
(a) (b) 

Figure 6. The effect of controller under working state 3: (a) output voltage under variable voltage 
scaling conditions; (b) result of proportional change in power input. 

When the topology is operating in state 5, Figure 7 shows a schematic diagram of the 
battery port maintaining a constant voltage when the load feedback voltage varies de-
pending on the braking effect. 

 
Figure 7. Output results for variable input voltage at operating state 5. 

It can be expected that the converter system with proportional-integral control has 
significantly improved stability and dynamic performance. 

5. Comparative Analysis of Related Converter Topologies 
In this paper, the proposed integrated converter for fuel cell hybrid vehicles is com-

pared with other on-board multi-port converters, and the converter performance is sum-
marized, as shown in Table 1. Taken from the power level, only the study by [11] and this 
paper are designed by 1 kw power, the others are small power. In terms of whether the 
energy ports can operate independently, the converter topology ports proposed in the 
literature [11,14,24] fail to meet the requirements. In terms of the power distribution capa-
bility, only this paper and the literature [11,28] have studied the design of power distri-
bution program for hybrid vehicles. Most importantly, only this paper and the literature 
[11,14,16] have the capability of bidirectional transformation. 

Table 1. Comparison of the proposed integrated converter topology with other on-board converters. 

Study 
Number 

Number 
of 

Switches 

Number of 
Inductors 

Number of 
Capacitors Boost Gain 

Number of 
Applicable 

States 

Bi-Direc-
tional Func-

tion 

Power Distri-
bution Func-

tion 

Port Inde-
pendently 

[11] 4 2 1 
dଶ1 − dଵ 3 √ √ × 

[14] 3 2 3 
1 + D1 − D V୐ + Vଶ 2 √ × × 

[16] 3 2 3 
11 − 𝑑ଵ 5 √ × √ 

[24] 4 2 1 
(1 + 𝐷ଶ − 𝑑)(1 − 𝐷)ଶ  3 × × × 

Figure 6. The effect of controller under working state 3: (a) output voltage under variable voltage
scaling conditions; (b) result of proportional change in power input.

When the topology is operating in state 5, Figure 7 shows a schematic diagram of
the battery port maintaining a constant voltage when the load feedback voltage varies
depending on the braking effect.
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Figure 7. Output results for variable input voltage at operating state 5.

It can be expected that the converter system with proportional-integral control has
significantly improved stability and dynamic performance.

5. Comparative Analysis of Related Converter Topologies

In this paper, the proposed integrated converter for fuel cell hybrid vehicles is com-
pared with other on-board multi-port converters, and the converter performance is sum-
marized, as shown in Table 1. Taken from the power level, only the study by [11] and this
paper are designed by 1 kw power, the others are small power. In terms of whether the
energy ports can operate independently, the converter topology ports proposed in the liter-
ature [11,14,24] fail to meet the requirements. In terms of the power distribution capability,
only this paper and the literature [11,28] have studied the design of power distribution
program for hybrid vehicles. Most importantly, only this paper and the literature [11,14,16]
have the capability of bidirectional transformation.
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Table 1. Comparison of the proposed integrated converter topology with other on-board converters.

Study
Number

Number
of

Switches

Number of
Inductors

Number of
Capacitors Boost Gain

Number of
Applicable

States

Bi-
Directional

Function

Power
Distribution

Function

Port Inde-
pendently

[11] 4 2 1 d2
1−d1

3
√ √

×
[14] 3 2 3 1+D

1−D VL + V2 2
√

× ×
[16] 3 2 3 1

1−d1
5

√
×

√

[24] 4 2 1 (1+D2−d)
(1−D)2

3 × × ×

[27] 3 3 3 1 + 1
1−D 5 × ×

√

[28] 5 2 2 2
1−D 4 ×

√ √

Proposed 6 3 2 2
1−D 5

√ √ √

The number of switches in the integrated converter topology of the fuel cell hybrid
vehicle proposed in this paper is only one more than that of the literature [28], and the
number of switching devices and magnetic devices are also less than that of a general
isolated converter. At the same time, the topology has a higher power level and bidirectional
characteristics, and also has more applicable operating conditions, higher gain output, and
can meet the hybrid energy power distribution task better than the general on-board
non-isolated converter. These advantages make it one of the best solutions for on-board
converters for hybrid vehicles, especially for fuel cell hybrids.

6. Simulation Experiments and Results Analysis

In this section, the genuine matlab/simulink simulation software is used to verify
the steady-state and voltage-current analyses presented in the previous section, and the
experimental parameters of the simulation model are shown in Table 2.

Table 2. Experimental parameters of the simulation model.

Parameters Values Parameters Values

Fuel cell voltage Vfc 120 to 160 V Inductor L1 1.28 × 10−3H
Battery voltage Vbat 168 V Inductor L2 1.28 × 10−3H

Load rated voltage uo 650 V Inductor L3 0.747 × 10−3H
Load port current Io 1.5 A Capacitor C1 4.8 × 10−6F

Battery port resistance Rbat 25 Ω Capacitor Co 9.192 × 10−6F
Load port resistance Ro 422 Ω Frequency 100 kHz

The switch conduction is first simulated to verify the equivalent circuit output results
for each state of operation. Figure 8 demonstrates the simulation results when operating
in state 1 and state 2. Figure 8a shows the voltages of output and capacitor, and Figure 8b
shows the average currents and their waveform of inductors L1 and L2, when the input is
fuel cell. While Figure 8c,d shows the same items when the input is the battery.

Figure 9 shows the simulation results when operating in state 3. In this state, the
duty cycle is adjusted to different values so that the energy provided by both energy ports
is proportional to the other. Figure 9a shows the voltages of the output and capacitor,
and Figure 9b shows the average currents and their waveform of inductors L1 and L2 at
this time.
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Figure 10 shows the simulation results in state 4; at this time, the DC voltage source at
the battery port is replaced with a 25 Ω resistor. Where Figure 10a shows the waveform
of the battery port, output port, and capacitor voltage, and Figure 10b shows the average
currents and their waveform of inductors L1 and L2 and battery port at this time. The
battery port is kept at a constant voltage in this operating mode.
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Figure 10. The simulation results of charging work: (a) the load and battery output voltage in state 4;
(b) the average currents and waveforms in state 4.

Figure 11 shows the simulation results in state 5; similarly, the DC voltage source at
the battery port is replaced with a 25 Ω load resistor, while the resistor at the load port is
replaced with a DC power supply. Figure 11a shows the charging voltage when the battery
port is used as a load, and Figure 11b shows the average value of the inductor L3 current
and the charging and discharging waveform.
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Figure 11. The simulation results of the operation of the load braking energy feedback: (a) the battery
charging voltage in state 5; (b) the inductance current in state 5.

The above simulation experimental results show that the steady-state gain of the
system, the distribution ratio of input energy, and the waveform of device charging and
discharging are roughly in line with the theoretical calculation, and the topology can
operate in CCM mode, and the bidirectional conversion capability is verified.

The current spike of the capacitor in the simulation mode is caused by the mismatch
between the input and capacitor. Without the NTC module, the charging current is visible,
as shown in Figure 12a, with an inrush current of about 40A present during initial time.
After adding the NTC module, the charging current of the simulation model is shown
in Figure 12b, and it can be seen that the spike current appearing in the capacitor at the
moment of starting is significantly reduced by twice. As the simulation time increases, the
capacitor is charged to a stable voltage value and the voltage mismatch is eliminated, also
verifying the reliability of the topology at steady state.
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Figure 12. Capacitor charging spike current waveform: (a) current without thermistor in series;
(b) current with thermistor in series.

This paper establishes a state selector model based on simulation time, which changes
the duty cycle of the topology’s switch according to the time order, and Figure 13 shows
the simulation output results of topology in states 1 to 4. Figure 13a,b shows the output
voltage and current waveform under state selector control, respectively. The output voltage
can output a sTable 650 V to load bus. In additional, the state selection sequence is shown
in Figure 13c, which simulates the actual operation of the fuel cell hybrid vehicle. Figure 14
illustrates the battery port voltage waveform corresponding to Figure 13.
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Figure 16 shows the output efficiency of the load bus for each operating mode of the
topology, as seen in the high power application scenario still has an output efficiency of
more than 80%.
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7. Conclusions

In this paper, an integrated converter for hybrid vehicles is proposed. By upgrading
the non-isolated three-port topology, the proposed converter possesses high-gain output
and solves the problem of charging rises of the switching capacitor as a voltage doubling
unit. The use of non-isolated topology can avoid the severe magnetic losses of converter s
and, simultaneously, can effectively ameliorate the power density of the system.

Evidently, the proposed integrated converter topology not only has the bidirectional
conversion function, but also can regulate the proportional relationship of the input energy
under the control of a sensible power distribution strategy, i.e., it can improve the efficient
utilization rate of hybrid energy, which is suitable for most of the driving conditions of
hybrid vehicles. The experimental results further validate steady-state analyses in this
paper and illustrate the feasibility of topology.

This paper provides a reliable solution for using highly integrated converters in
industrial and automotive applications.
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