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Abstract: Direct current to direct current (DC/DC) converters are required to have higher voltage
gains in some applications for electric vehicles, high-voltage level charging systems and fuel cell
electric vehicles. Therefore, it is greatly important to carry out research on high voltage gain DC/DC
converters. To improve the efficiency of high voltage gain DC/DC converters and solve the problems
of output voltage ripple and robustness, this paper proposes a double-boost DC/DC converter.
Based on the small-signal model of the proposed converter, a double closed-loop controller with
voltage—current feedback and input voltage feedforward is designed. The experimental results show
that the maximum efficiency of the proposed converter exceeds 95%, and the output voltage ripple
factor is 0.01. Compared with the traditional boost converter and multi-phase interleaved DC/DC
converter, the proposed topology has certain advantages in terms of voltage gain, device stress,
number of devices, and application of control algorithms.

Keywords: electric vehicle; high voltage gain; DC/DC converter; topology; efficiency

1. Introduction

With the problems of environmental pollution and the energy crisis becoming more and more
serious, new energy vehicles (NEVs) are receiving more and more attention. However, in the case of
fuel cell electric vehicles, and high-voltage level charging systems, DC/DC converters have problems
such as large output voltage fluctuation [1], poor dynamic performance, and low output voltage
level [2]. Therefore, in electric vehicle applications, DC/DC converters are required to achieve the goals
of high voltage gain [3], voltage decoupling and power control [4].

High voltage gain DC/DC converters fall into different classifications according to their functions
and topologies [5]. According to whether there is a transformer in the topology, they can be divided into
isolated DC/DC converters and non-isolated DC/DC converters [6]. A non-isolated DC/DC converter
has the advantages of high power density, simple structure and control [7]. Due to the transformer,
the isolated converter has disadvantages such as large volume, low power density, and easy magnetic
flux saturation [8]. These disadvantages may result in isolated structures being limited in electric
vehicle (EV) applications [9]. Therefore, in order to improve efficiency and power density, non-isolated
DC/DC converters are more desirable for the above applications [10].

In the studies of the topology of non-isolated DC/DC converters, there are mainly hybrid
topologies based on basic chopper circuit expansion, switched inductor and switched capacitor
topologies, cascaded topologies, and topologies based on Z-source and quasi-Z-source. A high voltage
gain DC/DC converter based on a Zeta converter was proposed in [11]. Although the topology has only
one main switch, switching loss and voltage stress can be reduced by selecting low resistance switching
mode. A high voltage gain DC/DC cascade boost converter for fuel cell electric vehicles was presented
in [12], and the output voltage is regulated by a proportional-integral (PI) controller. An improved
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floating interleaved boost converter was proposed in [13], which achieves a zero-ripple input current
and maintains the advantages of high voltage gain and low voltage stress. A non-coupled inductor high
voltage gain DC/DC converter based on Sepic topology was presented in [14], reducing conductive
loss by using a switch with a lower conductive resistance, and an additional clamping circuit is
not required. This converter has some advantages such as lower voltage stress, in-phase output
voltage, high efficiency, high voltage gain and continuous input current. A high voltage gain DC/DC
converter that combines the main features of a secondary boost and a Cuk converter is presented
in [15]. This converter requires only one switch to achieve a high step-up ratio, simplified control,
and common ground at the input and output sides. In [16], a DC/DC converter with continuous input
current and high voltage gain was obtained using a Sepic converter and a switched capacitor. A voltage
multiplier converter based on switched capacitors was proposed in [17], and the boost ratio of this
topology is twice that of conventional boost converters, while the voltage stress of the capacitors and
diodes is only half of the output voltage. However, it also has the disadvantage that the input and
output do not achieve common ground. The improved multiplier structure proposed in [18] achieves
common ground on the input and output sides to avoid electromagnetic interference in engineering
applications. A cascade topology for fuel cell applications is presented in [19], which consists of two
staggered boost converters as the first stage and a three-level boost converter selected as the second
stage. The interleaved structure can reduce the input current ripple, and the three-level structure
can reduce the switching loss and improve the converter efficiency. A series of step-up DC/DC
converters with cascaded quasi-z-source networks were proposed in [20] to implement a bipolar
quasi-z-source converter. Compared to the conventional quasi-z-source topology, the duty cycle of this
topology is reduced by 30% for the same voltage gain. The input of the four-phase interleaving DC/DC
converter consists of four inductor parallel connections, which can reduce the input current ripple.
Output capacitors connected in series can greatly improve the voltage gain of the converter; the four
power switches are turned on sequentially at 90° electrical angle intervals, reducing the input current
ripple and the output voltage ripple [21]. A topology using a four-switch buck-boost converter was
proposed in [22]. Based on an equivalent model of its high-frequency switching network, a double-zero
triode compensator and a fractional proportional-integral-derivative (PID) controller were designed
to achieve the output regulation of the fuel cell system. In [23], a nonlinear robust controller and
a proportional integration controller are proposed to regulate the output voltage of the interleaved
boost converter (IBC) converter using a particle swarm optimization algorithm. The experimental
results show that the proposed control strategy is superior in terms of robustness, traceability and
responsiveness. In [24], the vector decoupling and parameter tuning of the EV charging system is
achieved using a hybrid of particle swarm optimization and artificial physical optimization. A system
based on a conventional bidirectional boost converter is validated using hardware-in-the-loop devices.
The experimental results show that the proposed algorithm has good robustness and effectiveness.
In [25], for the purpose of transforming the electric grid using renewable energy sources to rapidly
charge electric vehicles, an inverter for charging electric vehicles with an efficiency similar to that
of a drive converter is proposed as a new solution for charging electric vehicle batteries. In [26],
an unlimited series input boost converter with high fault tolerance is proposed for vehicle-to-aid
applications. Comparative experimental results with series boost converters show that the proposed
converter has the best closed-loop performance for a given number of devices.

In summary, hybrid topologies constructed with basic DC/DC converters combine with switched
inductors or switched capacitors and, although this can combine the advantages of different independent
topologies, the disadvantages of the corresponding independent topologies are also significant.
Cascade structures connect more than two topologies to obtain a higher boost ratio in series, but the
cost of the converter rises greatly. Z-source (quasi-Z-source) converters can significantly improve the
voltage gain of the DC/DC converter, but there is usually a problem in terms of the input and output
not connecting on common ground. The effect of input voltage disturbance on the system was also
neglected in the study of the above control strategy. Therefore, this paper proposes the topology of
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a double-boost converter, and designs a double closed-loop controller to aim for both the feedforward
of input voltage disturbance and the feedback of the inductor current to improve the above issues.

2. Topology and Operating Principle of the Proposed Converter

2.1. Topology of Double-Boost Converter

The proposed double-boost converter is shown in Figure 1. The converter consists of two power
switches Q;, Q,, two inductors Ly, Ly, three diodes Dy, D,, D3 and an output filter capacitor Cy.
Assuming that the inductors L, L, are the same, the remaining diodes and metal-oxide-semiconductor
field-effect transistor (MOSFET) switching also have the same parameters. The two switches in the
converter are turned on or off together, and the two operating modes are shown in Figure 2.
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Figure 1. Double-boost converter topology.
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Figure 2. Converter operating mode in ON state.

When switches Q; and Q, are turned on, that is, the converter is in the ON operating mode,
the inductors L and L, are charged by the input power source, and the inductors absorb energy;
the capacitor C; supplies energy to the load. The operating mode of the proposed converter is shown
in Figure 2.

In this mode, diode D; is turned on, and diodes D, and D3 are turned off under reverse voltage.
During this stage, there are three loops in the equivalent circuit. The input power U;, charges the
inductor L through the switch Q; to form the first loop. The input power U, charges the inductor L,
through the switch Q, to form the second loop. The output capacitor C; provides energy to the load to
form the third loop. The voltages across the two inductors L; and L, are the voltages U, of the input
voltage power source. The voltage and current on the inductor take the associated reference direction,
and set T as a Pulse-width modulation (PWM) period, D is the duty cycle of PWM, then the turn-on
time of switches Q; and Q, is D X T in one cycle. Suppose that the currents through the inductors L;
and Ly are Ir; and I, respectively. In this stage, the currents of the two inductors are equal, and the
energy absorbed by the two inductors in a PWM period is shown in Equation (1).

Wr = U, XIp XD X Ts 1)

where W, represents the energy absorbed by the inductor during the turn-on period of the switch.
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When the switches Q; and Q, are turned off, that is, the equivalent circuit is in the OFF mode,
the inductors L1 and L, are connected in series with the input power source to provide energy to the
load and charge the capacitor C;; the operating mode of the converter is shown in Figure 3.
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Figure 3. Converter operating mode in OFF state.

In this mode, diodes D, and Dj are turned on, and diode D; is turned off under reverse voltage.
During this stage, there is only one loop in the equivalent circuit. The input power source U;,, and
inductors L and L; are connected in series to provide energy to the load and charge the output capacitor
C;. By ignoring the conduction voltage drop in the diode, the voltage across the two inductors L,
and L, are the voltage U, of the input voltage. The voltage and current reference directions on the
inductor are uncorrelated, and the energy released by the two inductors in a PWM period is shown in
Equation (2).

Wiz(@)lex(l—D)sz )
where 1 — D represents the turn-off period of the switch, and W}’ represents the energy released by the
inductor during the turn-off period of the switch.

Based on the law of the conservation of energy, the following equation can be obtained as
Equation (3).

Wy =W’ 3)

According to Equations (1)—(3), the voltage gain Gp of the proposed converter can be obtained as
shown in Equation (4).
1+D
=1-p 4)
By calculating this, the relationship between the voltage gain and the duty cycle D of the proposed
double-boost converter can be obtained, as shown in Figure 4.
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Figure 4. The relationship between voltage gain and duty cycle.

According to the two operating modes and Kirchhoff’s Current Law (KCL), we can obtain the
current stress of each device of the proposed converter. In the two operating modes, the capacitor
current is represented by Ic,, and Iy, and the equation is as follows.

ICon =-I (5)
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Icoff =1Ipz—1Io (6)

where I, represents the output current and Ips represents the current flowing through diode Ds.
By applying ampere-second balance to the capacitor, the following equation can be obtained as

Io-D = (Ip3—1L)-(1-D) @)
According to Equation (7), the current stress of diode D3 can be expressed as:

I
Ins =
R ) ®)

Ignoring the loss of the converter, assuming that the input power and the output power are the
same, the following equation can be obtained as:

Ui - Iin = Up - Lo )
From (4) and (9), the relationship between input current I;;, and output current I, can be expressed

as follows: 14D
Lin = 1-D 1o (10)

According to the operating principle of the ON mode, the current stress of the switches Q;, Q, and

the diode D; can be obtained as:
I 1+D
o =l =In =5 =575k (11)

where Ig; and I, represent the current flowing through switches Q; and Q, respectively, and Ip;
represents the current flowing through the diode D;.

According to the operating principle of the OFF mode, the current flowing through the diode D,
is equal to that of diode D3, and it can be described as follows:

I
1-D

I;p = Ips = (12)

Finally, according to Equations (5) and (6) and the root mean square principle of the capacitor
current, the current stress I¢q of capacitor C; can be obtained as:

D
Ier = 4/ mfo (13)

The current stresses of each component in the proposed double-boost converter are shown in
Table 1.

Table 1. Current stress of each component.

Device Name. Current Stress
Diode Dy I,(1 + D)/2(1 - D)
Diode D, I,/(1 - D)
Diode D3 I,/(1 = D)

Switch device Qq I,(1 + D)2(1 - D)
Switch device Q; I,(1 + D)/2(1 — D)
Output capacitor C; I,[D/(1 - D)]1/2

In order to compare the advantages and disadvantages of several topologies, this paper compares
the number of switches, inductors, capacitors and diodes, the theoretical voltage gain, and the voltage
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stress on the switch device, the inductor and capacitor, provided that the power grade and input and
output voltages of the three topologies are the same. The comparison results are shown in Table 2.
The topology of the four-phase interleaved converter is shown in Figure 5.

Table 2. Comparison of the proposed converter and other converters.

Converter Traditional Boost Four-Phase Interleaving Double-Boost
Number of inductors 1 4 2
Number of capacitors 1 2 1

Number Qf switch 1 4 5
devices
Number of diodes 1 4 3
Total number of devices 4 14 8
Stress of switch devices U, (U, + Ujp)/2 (Uo + Ujn)/2
Capacitance LutD/(AU X f) LoutD/2(AU X f) LutD/(AU X f)
Inductance U;,D/(AIL X f) U;,D/4(ALL X f) U;,D2(AlL X f)
Theoretical voltage gain 1/1 - D) 1+ D)/(1-D) 1+ D)/(1-D)
L1 D1
B
L2 D2
M~

ot +e
[

AANT ~
L3 D3
AAN ~
L4 D4

Figure 5. Four-phase interleaved converter.

In Table 2, Al is the inductor current ripple, AU is the output voltage ripple, f is the switching
frequency, and D is the duty cycle of the PWM. It can be seen from Table 2 that, although the boost
converter has the least number of devices, the stress of the switch device is the largest of the three
converters. The performance requirements of the switch device are the highest, and the values of
inductance and capacitance are the largest, resulting in the power module cost being high, and it is
difficult to meet the requirements of high voltage gain in the DC/DC converter. Although the four-phase
interleaved DC/DC converter has low stress on the switch device and the smallest value of inductance
and capacitance, the converter adopted many devices, resulting in a higher cost. Although the proposed
double-boost converter is simple, the number of devices is small, the voltage stress is low when the
voltage gain is the same, and the two switches only need the same PWM signal for control.

2.2. Operating Principle of Double-Boost Converter

In order to analyze the operating principle of the DC/DC converter in detail, this paper presents
its corresponding state equations for different modes. In the process of establishing the state equation,
the influence of inductor current fluctuation and capacitor voltage fluctuation on the circuit is considered.
The corresponding waveform of the proposed converter in different modes is shown in Figure 6.



World Electric Vehicle Journal 2020, 11, 64 7 of 21

\J

DxT, (1-D)xT, DxTg
Figure 6. Double-boost converter working waveform.

It can be seen from Figure 6 that, during the ty—t; stage, the switches Q; and Q; are turned on,
and the diodes D, and Dj are turned off due to the reverse voltage. Meanwhile, the input power source
U;y, charges the inductors L; and L, and the inductor current rises linearly. The energy required by the
load is provided by the output filter capacitor C1, and the capacitor is in a discharged state; therefore,
and the capacitor voltage Ucq decreases. Since the parameters of the inductors L; and L, are the same,
take the inductor L; as an example for analysis. In this stage, the expression of the inductor current is

shown in Equation (14).

dI
Up =L - d—ﬁl (14)

where dl}; is the Al;, dt = Dff, f is the switching frequency. The expression of the voltage change in the
capacitor C; is shown in Equation (15).

—E:C . dUc
R U ar

(15)

where dUcy = Alcy, AlUc is the capacitor voltage fluctuation. From Equations (14)—(16) can be

written as: al )
dr _ Ly ,
alle, | = 2 |- +| 3 | Ui (16)
[ ar ] [0 =& 1 | Uar RS |

During the t;-t, stage, the switches Q; and Q; are turned off, and the diode D is turned off due
to the reverse voltage, and the inductors Ly and L, are connected in series with the power supply
to provide energy to the load and charge capacitor C;. Therefore, the inductor current is linearly
decreasing and the capacitor voltage is increasing. The expression of the inductor current is shown in
Equation (17).

diy _ Uin —Ucr

L = 17
1737 5 (17)

The expression of the voltage of the capacitor C; is shown in Equation (18):

dte; _ Ir1 - Ua (18)

G—g R

According to Equations (17) and (18), the state equation during this stage can be obtained

as follows:
du 0 - 11 ry
[d&ta]:[L _iHu ]*[L]'Uﬂz (19)
dt Gy RC c1 RCq



World Electric Vehicle Journal 2020, 11, 64 8 of 21

3. Modeling of Double-Boost Converter

When designing and analyzing a DC/DC converter, especially when analyzing its stability
and dynamic performance, it is of great significance to use the state space averaging method to
establish a small-signal model. The proposed double-boost converter is a non-linear, time-varying
system, which can be regarded as a state space that approximates the first-order averaging method.
Thus, the method can be used to translate the variables of the converter system into an average
quantity over a period of time. It consists of a DC steady-state component and an AC small-signal
component. After calculation, the AC small-signal quantity and the DC steady-state quantity are
separated, the small signal is linearized and, finally, the DC of the double-boost converter can be
obtained for the steady-state model and AC small signal model.

When the switches Q; and Q; are turned on, the corresponding state equation of the converter in
this mode is expressed by Equation (16). When the switches Q; and Q, are turned off, the corresponding
state equation of the converter in this mode is expressed by Equation (19).

In a PWM period, the state space average method can be obtained by averaging the various
quantities of the converter using the state space averaging method, as shown in Equation (20).

dl; 0 _g I 14D ]

dt — . 2L U

di |=| D _ 2 [ Uer ]* I 29
a G RC RG

Among them, D, 111, UCl and E are the average value of the duty cycle, inductor current,
input voltage and output voltage in a cycle, respectively. When the average value of the duty ratio
D = 1, the state space average equation is the state equation when the switch is turned on. When the
average value of the duty cycle D = 0, the state space average equation is the state equation when the
switch is turned off. As mentioned above, the average quantity obtained by the state space averaging
method can be expressed as the form of the addition of the DC steady-state quantity and the AC
small-signal quantity, as shown in Equation (21).

—_ A
D=D+D
—_ A
Inn=In+1n
_ A
Uci = Ucr + Uy

P A

uz’n = uin + uin

(21)

Among them, D, U¢q and U;,, are the DC steady-state quantities, and D, Ucy, E and I 1 are the AC
small-signal components of variables. By taking Equation (21) into (20), and using the average quantity
in the state space average equation with Equation (21), the following equation can be obtained:

d(I“HQl) 0 1_(D+B) A 1+(D+15)
~ ) - Ip +1 A
dt . — . 2L L1 LAl oI . (uin + uin) (22)
d(Uc1+Uc1) 1—(D+D) s Uct + U RLC]
G G

By ignoring the second-order infinitesimal, the DC steady-state quantity and the AC small-signal
quantity are separated, and the DC steady-state model of the double-boost converter can be obtained as:

1+D

U, Ui

[ ]| |
R(1-D)
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It can be seen from the DC steady-state model, the voltage gain of double-boost converter is
1+ D/1 - D, it is consistent with the result of voltage gain obtained by the law of energy conservation.
In addition, the obtained AC small-signal model of the dual-boost converter can be written as follows:

A
dlLl 0 _ 1-D IA 1+D A UC1+ujn A
dr 2L L1 2L 2L
dljtcl Cl RCl uCl RCl Cl

The small-signal model of the dual-boost converter is transformed into the s domain by
Laplace transform:

R(1-D)[R(1-D?)+2Ls]

Uc(s) = [R(1-D2)+2Ls](RCs+2)—2RLCs2—4Ls—R (1-D)* () (25)
R(1-D)(Uc+Ujy;)—-2I;1 RLs—RI} 1 [R(1-D?) +2Ls] b (s)
[R(1-D?) + 2Ls|(RCs 1 2) 2RLCs*—4Ls—R(1-D)? ~ *>
~ _ 2I3RL(1-D)+2RLCs(Uc+Uj, ) +4L(Uc+Uy,) 7
Ira(s) = 2L[2RLCs? +4Ls+R(1-D)?] D(s) 6
2L(1-D) +2RLCs(14D) +4L(1+D) 1 ¢ (s) (26)
2L[2RLCs2+4Ls+R(1-D)’| "
From Equations (25)—(27) can be expressed as:
R R(1-D)(Uc+Ujy)+2RLs Iy, A
Ues) = Sreromreaarm D)
1C1Rs%+4L s+(1-D)°R (27)
R(1-D?)+2L- .
( ) ° uin(s)

20, CyR-s2+4L;-s+(1-D)?R

According to Equations (25)—(27), the transfer function of the duty cycle D to the inductor current
I;1 can be obtained as:
G (s) 2RLI;1(1 = D) 4 2RLCs(Uc + U;,) 4+ 4L(Uc + Uyy,)
D—I =
" 2L[2RLCs? + 4Ls + R(1- D)’

(28)

Meanwhile, according to Equations (25)-(27), the transfer function from the input voltage to the
inductor current can be written as:

2L(1 - D) + 2RLCs(1 + D) + 4L(1 + D)
2L[2RLCs? + 4Ls + R(1 - D)?|

Guy,—-1 (8) = (29)

Similarly, the transfer function of the inductor current I;; to output voltage Uo is shown in
Equation (30).

R(1 - D)[R(1 - D?) + 2Ls]
[R(1 - D?) + 2Ls](RCs + 2) — RLCs2 — 4Ls — R(1 — D)?

G-t (8) = (30)

The transfer function Gp_.y (s) of duty cycle D to the output voltage is shown in Equation (31).

R(1-D)(Uc + Uy,) +2RL s - I,
2L1C1R -s2 +4L; -s + (1-D)?R

GD—>UC1 (S) = (31)

According to the above transfer function, the output voltage, the inductor current double
closed-loop system is shown in Figure 7.
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Figure 7. Small signal model.

4. Design of the Double-Boost Converter Controller

4.1. Calculation of Inductor and Capacitor of Converter

The parameters of the experimental prototype are as follows: the input voltage is 20 V, the rated
output voltage is 100 V, the rated load is 100 (), the output power rating is 100 W, the values of inductors
L; and L; are both 0.35 mH, the value of the capacitor is 47 uF, the type of switch is IFR640N, the type
of diode is DFE10I600PM and the switching frequency is 20 kHz [21].

According to Equation (32), the inductance value can be calculated as:

in X D
L]:LZ_ um

CO2XAILXf (32)

where Al is the inductor current ripple; taking 20% of the average current as the inductor current
ripple, the inductance value of the two inductors can be calculated to be 0.35 mH.
According to Equation (33), the capacitance value can be calculated as:

_ Tout X D

1—Auxf:35uF (33)

where AU is the output voltage fluctuation, taking 1% of the average output voltage as the capacitor
voltage fluctuation, and the capacitor value can be calculated as 47 uH.

4.2. Design of Feedforward Double Closed-Loop Feedback Controller

In order to design the controller of the dual-boost converter, the algebraic expression of the
transfer function needs to be obtained. By substituting the obtained inductance, capacitance and other
parameters into Equation (31), the following equation can be obtained as

B —0.75s + 4000
T 7x102xs2+14x103 xs+11.11

Gp_ug, (s) (34)

Similarly, transfer function of the duty cycle D to the inductor current and the transfer G, i, (s)
function of the inductor current to the output voltage can expressed as:

3.95x 10™%s + 0.226
2.3%x1079s2 + 0.98 x 10~6s + 11.11

Gp-1,; = (35)
_ 233x107%s+1851.15
~ 1.65%x 107682 + 0.26s + 100

According to Equations (35) and (36), a double closed-loop PI controller based on output voltage
and inductor current is designed, and the control functions Gc¢i(s) and Gea(s) adopt PI control.
The control block diagram is shown in Figure 8 and is achieved by the following steps: setting the
reference voltage U,s; comparing the output voltage value Uc; with the reference voltage to get error
signal el; sending the signal to the PI controller G¢1(s) to obtain the reference current I; 1/; comparing
this with the actual inductor current to get error signal ep; then, the adjusted duty ratio D can be

Gy -ug (s) (36)
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obtained through the PI controller G¢,(s). Meanwhile, the adjusted output voltage is obtained through
the transfer functions Gp_j1(s) and Gyr1-yic1(S)-

Ge, () —=—®—> G, (5) Gp.y, (8)

»l3 )
P10V (S’ o

Figure 8. Double closed-loop control system.

As shown in Figure 7, the input voltage will also have a certain impact on the output of the system;
considering fluctuations in the output voltage, the control block diagram of the system is shown in
Figure 8.

From Figure 9, it is clear that once the input voltage of the DC/DC converter fluctuates, it will
affect the value of the inductor current, which, in turn, affects the output voltage of the system.
Therefore, in order to eliminate the influence of input voltage fluctuation on the output voltage of the
system, it is necessary to introduce a feedforward loop from the input voltage to the inductor current.
The gain of this feedforward loop is the negative value of the input voltage to the inductor current
transfer function Ge_,,, (s); the control block diagram is shown in Figure 10.

Gm(s) —’>+®—> Gcz(s) D GEHH(S) _+>® ILl (S Yo

li-Ues

G, (8)

d

Figure 9. Control block diagram after adding input voltage disturbance.

+ GCI(S) —_>-+-®_> GCZ(S) Q’ GD*'u (S —+>®‘+ =
N\

Figure 10. Control block diagram after the introduction of input voltage feedforward control.

As shown in Figure 10, adding feedforward cancels the effect of input voltage fluctuation on the
inductor current, but, in the actual circuit, the output voltage can only be controlled by the duty cycle.
Therefore, the feedforward control acting on the inductor current is equivalent to the feedforward
control acting on the duty cycle D. The equivalent control block diagram is shown in Figure 11.
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+ 11 Uc
Ga(s)-%@»Gm<s>9§»6o-m<s)’f+ G, [

Figure 11. Block diagram of equivalent feedforward control.

Figure 11 shows the relationship between the transfer function of feedforward control and the
duty cycle to the transfer function of the inductance current, expressed as G(s). According to Equations
(28) and (29), the transfer function of feedforward control can be expressed as:

2L(1- D) + 2RLCs(1 + D) + 4L(1 + D)
ZRLILl(l - D) + ZRLCs(UCl + Uin) + 4L(UC1 + Uin)

Gy(s) = (37)

5. Simulation and Experimental Results Analysis

5.1. Simulation Results and Analysis

In order to verify the rationality of the proposed converter, a simulation model of the converter is
established in this paper and the simulation parameters are shown in Table 3.

Table 3. Design parameters of the converter.

Parameters Values
Rated power P 100 W
Input voltage U, 20V
Rated output Voltage Up 100V
Rated load resistance Rj, 100 OO
Switching frequency f 20 kHz
Inductor L1 and L, 0.35 mH
Capacitor 47 uF
Power switches IFR640N
Diodes DFE101600PM

The simulation result when the input voltage is 20 V and the output reference voltage is 100 V is
shown in Figure 12. From Figure 12: the output voltage is stable at 100 V; the inductor current linearly
increases when the switch is turned on, and linearly decreases when the switch is turned off; there is no
inductor current discontinuity, which is consistent with the previous theoretical calculation. From the
simulation results, it can be seen that, when the driving signal Vs is about 0.67, the output voltage of
the proposed converter is 100 V, and a higher voltage gain can be obtained without using the extreme
duty cycle, which proves the effectiveness of the proposed converter.

To further illustrate the advantages of the proposed converter in terms of voltage gain, the voltage
gain curves of the proposed converter are compared with those of conventional boost converters
and several other converters, as shown in Figure 13. Compared to conventional boost converters,
the proposed converters have a higher boost ratio at non-limiting duty cycles. Although the boost
ratios of the converters in [18] and [27] are higher, the input and output sides of these converters are
non-commonly connected, which limits their practical application. The proposed converter has the
same voltage gain as the one in [28], but, similar to the previous two converters, its input and output
sides are non-commonly connected. Therefore, in summary, the proposed converters not only have
a higher boost ratio, but are also more suitable for practical engineering applications.
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Figure 13. Comparison of boost ratio curves for different converters.
5.2. Experimental Platform Construction

In order to verify the effectiveness of the proposed converter and control method, an experimental
platform was designed, as shown in Figure 14a. The experimental platform includes a DC power supply,
oscilloscope, electronic load, a DSP28335 controller and an experimental prototype. The experimental
prototype includes the proposed converter, drive circuit, voltage detection circuit, current detection
circuit and auxiliary power circuit. In addition, we compare the proposed converter with the four-phase
interleaved experimental prototypes made before, as shown in Figure 14b. In order to facilitate the
comparison of the various indicators of the proposed double-boost converter, the voltage gain in
the open-loop state of the proposed double-boost converter was measured first. Under the same
experimental conditions, when comparing the proposed converter with the four phase interleaved
DC/DC converter and the traditional boost converter, the input voltage is 20 V, the output voltage is
100V, the load is 100 (), and the switching frequency of the system is 20 kHz, as shown in Table 3,
thus verifying the effectiveness of the proposed double-boost converter controller. Finally, the efficiency
of the proposed converter is measured under the conditions of variable load, variable frequency and
variable output voltage. Compared with the four-phase interleaved DC/DC converter and traditional
boost converter, the advantages of the proposed dual-boost converter are highlighted.
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Figure 14. The prototype of proposed converter. (a) The experimental platform of double-boost converter.
(b) Experimental prototype of four-phase interleaved DC/DC converter.

5.3. Function Test of the Prototype

In the open loop state, the duty cycle is in the range of 0.2-0.8, and the actual boost ratio of the
proposed dual-boost converter was tested, and compared with the four-phase interleaved DC/DC
converter and traditional boost converter. The experimental results of the three converters are shown

in Figure 15.

-4~ Traditional boost converter
-#- Four-phase interleaved converter
k- Double boost converter

v o

Boost ratio

&~

I |

02 03 04 05 06 07 08

Duty ratio

Figure 15. Comparison curve of measured boost ratio.

From Figure 15, it can be seen that, compared with the traditional boost converter, the proposed
double-boost converter has obvious advantages. In the traditional boost converter, when the duty ratio
is 0.2, the actual voltage gain is 1.21 times, and when the duty ratio is 0.8, the actual voltage gain is
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3.54 times; the proposed double-boost converter has an actual voltage gain ratio of 1.52 times when the
duty ratio is 0.2, and an actual voltage gain of 8.21 times when the duty ratio is 0.8. As the duty cycle
increases, the difference between the actual voltage gain of the two converters gradually increases.

In order to further reflect the advantages of the proposed converter in terms of voltage gain,
the voltage gain improvement curve compared to the traditional converter is drawn in the range of
a 0.2-0.8 duty cycle, as shown in Figure 16.

Lift/%

02 03 04 05 06 07 08
Duty ratio

Figure 16. Voltage gain improvement curve.

From Figure 16, as the duty cycle D increases from 0.2, the degree of voltage gain of the proposed
double-boost converter relative to the boost converter also increases rapidly. When the duty cycle D is
equal to 0.2, the minimum degree of improvement is 26%, and when the duty cycle D is equal to 0.8,
the degree of improvement can reach 132%.

To verify the feasibility of the proposed double converter application, the output voltage ripple
of different converters was measured by setting the input voltage as 6 V and the output voltage as
20 V. The measured results are shown in Figure 17. From Figure 17, the output voltage ripple of the
traditional boost converter is the largest, the ripple coefficient reaches 0.015, the output voltage ripple
of the four-phase interleaved DC/DC converter is the smallest, the ripple coefficient is 0.0075, and the
proposed converter ripple coefficient is 0.01. Although the ripple coefficient is slightly inferior to
the four-phase interleaved DC/DC converter, it still has a large advantage in terms of the number of
devices, the volume and the control complexity.
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Figure 17. Output voltage ripple of three converters. (a) Boost converter. (b) Double-boost converter.
(c) Four-phase interleaved DC/DC converter.

5.4. Control Algorithm Verification

In order to verify the robustness of the feedforward—feedback controller designed in this paper,
the input was 20 V, the output was 60 V, and the load changed from 100 () to 60 (). The output
voltage waveform of the proposed double-boost converter under load disturbance with or without
feedforward control is shown in Figure 18. At the moment of load reduction, the output voltage of the
control system without feedforward has a fluctuation of about 3 V, and the output voltage fluctuation
in the feedforward double closed-loop control system is significantly smaller than that of the control
system without feedforward. The experimental results prove that the feedforward double closed-loop
control system designed in this paper has good robustness.
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Figure 18. With or without feedforward control effect diagram. (a) Feedforward dual closed-loop control

output waveform. (b) Output waveform without feedforward control.

5.5. Efficiency Test of the Prototype

17 of 21

In order to measure the efficiency of the proposed double-boost converter, the input voltage is set
to 20 V, the load is 100 (), and the output voltage varies from 30 V to 100 V. Efficiency is measured using
a DC regulated power supply and readings from electronic loads. Under this measured condition,
the efficiencies of the proposed converter, a traditional boost converter and a four-phase interleaved
DC/DC converter are measured and compared. Since the duty cycle varies in the range of 0.2~0.8,
the output voltage of boost converter is changed from 30 V to 85 V. The experimental results are shown

in Figure 19.
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Figure 19. Efficiency comparison at different output voltages.
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When the load is 100 ), the switching frequency is determined and it is noted that the three
converters have the highest efficiency when the output voltage is the smallest, and the lowest efficiency
when the output voltage is the highest, as shown in Figure 19. This phenomenon is because, when the
load is constant, the output current decreases with the decrease in the output voltage, so the inductor
loss and switching loss are small and the efficiency is high. When the output voltage is 30 V, the efficiency
of the proposed double-boost converter and the four-phase interleaved DC/DC converter are similar,
both exceeding 95%, but when it exceeds 40 V, the efficiency of the former is significantly higher than
the latter. When the load is 100 V, the minimum efficiency of the former is 92%, while the latter is
90.81%. The traditional boost converter has a maximum efficiency of 92.8% and a minimum efficiency
of 65.1%, which are significantly different from the previous two converters.

In order to further prove the advantages of the high efficiency of the proposed converter, we set
the input voltage to 20 V, the output voltage to 60 V, the switching frequency to 20 kHz, and varied
the load from 50 ) to 100 Q). The experimental results are shown in Figure 20. It can be seen from
the figure that the order of efficiency of the three converters from high to low is the double-boost
converter, the four-phase interleaved DC/DC converter, and the traditional boost converter. The highest
efficiencies are 94.6%, 93.59% and 84.9%, respectively, and the lowest efficiencies are 91.42%, 90.16%
and 80%, respectively. Therefore, the proposed double-boost converter has obvious advantages in
terms of efficiency.

6 =
-+ Four-phase interleaved converter
Double boost converter

——

«- Traditional boost converter,
92
90

84 1

Efficiency/%

809 ‘
50 55 60 65 70 75 80 85 90 95 100
Resisitance/Q)

Figure 20. Efficiency comparison under different loads.
Figure 21 shows the efficiency curve of the proposed converter and the four-phase interleaved

converter at different switching frequencies; the input voltage is set to 20 V, the load resistance is 100 ),
the frequency is in the range of 10 kHz-30 kHz, and the output voltage is in the range of 30 V-100 V.
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Figure 21. Comparison of efficiency of two converters. (a) The efficiency of the proposed converter.
(b) Efficiency of four-phase interleaved DC/DC converter efficiency.

As can be seen in Figure 21a, when the switching frequency is constant, as the output voltage
increases, the output current gradually increases and the efficiency of the converter decreases due to
the increased losses of the converter. When the output voltage is constant, as the switching frequency
increases, the efficiency of the converter gradually increases. The maximum efficiency of the proposed
converters under this test condition is about 95%. Similarly, the efficiency curves of the four-phase
interleaved converter represented in Figure 21b have the same trend as the efficiency curves of
the proposed converters in that the efficiency of the converters gradually decreases as the output
voltage increases, and the maximum efficiency of the two converters is approximately the same.
However, a comparison of Figure 21a,b shows that the efficiency region of more than 90% of the
proposed converter is significantly larger than the four-phase interleaved converter, indicating that the
proposed converter has a higher efficiency at the same output voltage and frequency. Thus, the proposed
converter is more suitable for high voltage gain applications.

6. Conclusions

In this paper, a high-gain dual-boost converter for electric vehicles is presented. Through the
analysis of the proposed converter operating principle, modeling, controller design, experimental
prototype test results, and comparison results with four-phase interleaved DC/DC converters and
conventional boost converters commonly used in electric vehicles, the following conclusions can
be drawn:

(1) Considering the voltage gain, device stress, and number of components, the proposed converter
has certain advantages over traditional boost converters and four-phase interleaved converters.
Compared to four-phase interleaved DC/DC converters, this converter has a simple operating
principle and only requires two of the same PWM signals.

(2) For the double-boost converter, the proposed feedforward double closed-loop control is more
robust than the feedforward double closed-loop control; when the load and input voltage change
suddenly, it can make the output voltage return to stability faster.

(3) This can be obtained through the construction of the experimental prototype of the proposed
double-boost converter and by comparison with the four-phase interleaved DC/DC converter
and the traditional boost converter. In terms of the actual voltage gain and system efficiency
under different conditions, the proposed double converter has obvious advantages. The efficiency
is measured and compared from three aspects: different output voltages, different loads and
different frequencies: In addition, the output voltage ripple of the proposed double-boost
converter is smaller than that of the traditional boost converter. Although it is slightly larger
than the four-phase interleaved DC/DC converter, the double-boost converter has the advantages
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of fewer devices, simple control and high efficiency, making up for the output voltage ripple,
which is slightly higher than the four-phase interleaved disadvantages of DC/DC converters.
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Glossary

Electric vehicle EV

New energy vehicles NEVs

D Duty cycle of PWM

Ts A PWM period

Wy Energy absorbed by inductor during ON state

Wi’ Energy released by inductor during OFF state

Gp Voltage gain

Ay The inductor current ripple

AU The output voltage ripple

f Switching frequency

D Average value of the duty cycle

Iiq Average value inductor current

Ucy Average value output voltage

E Average value input voltage

D AC small-signal component of D

Ucq AC small-signal component of U

E AC small-signal component of E

Iia AC small-signal component of Iy ;

Gpoi,, (s) Transfer function of D to the inductor current I} |
Gu,, -1, (8) The transfer function from input voltage to inductor current
G, >Ug (8) The transfer function of the inductor current I to output voltage
Gpo U, (s) The transfer function of duty cycle to output voltage
Gci(s) The transfer function of voltage PI controller

Gea(s) The transfer function of current PI controller

Gyls) The transfer function of feedforward control
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