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Abstract: The phase-shifted full-bridge (PSFB) converter has been widely used in power supply
modules due to its simple control and high output power. However, with the market’s increasing
demand for higher power sources, the PSFB converter needs to face challenges in increasing its output
power level. Compared to redesigning a larger power module or a larger single converter, it will be
more cost-effective to achieve a higher power output by paralleling the existing converters. However,
due to the manufacturing differences in circuit components, the output imbalance in parallel PSFB
converter systems may damage the power modules. Thus, the influence of differences in circuit
components is analyzed in this paper, and it is found that the leakage inductance and transformer
ratio are the main factors resulting in errors in current sharing control. Consequently, a dynamic
hybrid compensator (DHC) is proposed in this paper, that can significantly reduce the error in current
sharing control via the compensation of the duty cycle of a slave module. Furthermore, the DHC
is verified on an 800 W two-phase PSFB converter, which shows that even when the difference in
components is as large as 20%, the proposed method can still reduce the error in current sharing
control to less than 2% under both half and full load conditions.

Keywords: current sharing control; parallel PSFB; dynamic hybrid compensator

1. Introduction

Power demand is increasing in areas such as electric vehicle charging, photovoltaic
power stations and communication base station equipment. The PSFB converter is one of
the most widely used circuits in these areas. Therefore, the market’s demand for a high
output power PSFB converter has increased in recent years. Compared to redesigning
a larger power module or a larger single converter, using existing power modules to
achieve larger power levels through series-parallel output can be more cost-effective while
also reducing carbon emissions and achieving environmental protection. There are four
main types of power modules connection [1]: input-series output-series (ISOS), input-
series output-parallel (ISOP), input-parallel output-series (IPOS) and input-parallel output-
parallel (IPOP). Series connection can reduce the voltage load on each power module [2]
and parallel connection can expand the power level [3]. Each connection type has its own
application situation and characteristic. Input-side and output-side voltage and current
characteristics for these connection types are shown in Table 1 [4,5].

IPOP connection can reduce the current stress on each module by distributing the total
power between different power modules. Thus, the size of magnetic circuit components
(transformers and inductors) can be reduced [6]. Furthermore, IPOP can improve the
thermal distribution and lead to greater system reliability [7]. In a multiphase power con-
verter system, each phase is designed to be the same. In reality, manufacturing differences,
environmental changes and other factors usually lead to an inconsistent output current [8].
The presence of circuit component manufacturing differences will cause power imbalances
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among modules, thereby leading to thermal stress imbalances, inductor saturation and
performance reduction [9]. In severe cases, the component differences may result in an
excessive power burden on some modules while others have only a small power output [10].
In [11], the IPOP-LLC system manufacturing differences influences are researched.

Table 1. Characteristics of different connection types.

Connection
Type

Application
Situation

Input Side
Characteristics

Output Side
Characteristics

ISOS High input and output
voltage

voltage imbalance and
current equalization

voltage imbalance and
current equalization

ISOP Converting from high
voltage to low voltage

voltage imbalance and
current equalization

voltage equalization and
current imbalance

IPOS Converting from low
voltage to high voltage

voltage equalization and
current imbalance

voltage imbalance and
current equalization

IPOP Power expansion voltage equalization and
current imbalance

voltage equalization and
current imbalance

There are two main ways to achieve current sharing: one is through control algorithms
and the other is through changing the circuit structure. For the control algorithm, the
common duty ratio control is one of the most used current sharing control algorithms. It is
applied in the forward converter and dual active bridge (DAB) converter, respectively, to
improve the current imbalance in [12,13]. However, the output current sharing error is still
large when the IPOP-PSFB converter has a large transformer ratio difference. A current
sensorless parameter estimation and current equalization control strategy is proposed
in [14], which considers the effect of transformer difference on the current sharing error
of the IPOP-DAB converter. Simultaneously, it is also proved to be the main cause of the
parallel PSFB current imbalance.

In [15,16], the automatic current sharing control of two-phase LLC is realized via
changing the circuit structure of the traditional LLC without the addition of a current
sharing control algorithm. The IPOP-LLC system’s excellent current sharing performances
are addressed by using a common inductor [15] and common capacitor [16]. The load
coefficient k is introduced in the LLC converter [17,18] and the buck converter [19] to
measure the output power balance of each phase power module.

PSFB has the characteristics of simple control, wide voltage adjustment range and
high output power [20]. A saturable inductor [21] and clamping diodes [22] are applied in
PSFB to reduce duty cycle loss. To meet the requirement of different applications, multi-
phase PSFBs have been studied. A new connection method for output filter capacitors is
proposed in [23], which is applied to the IPOS-PSFB converter to achieve output voltage
balancing. A new circuit is proposed in [24], which uses a blocking capacitor and hybrid
rectifier diodes in ISOP-PSFB to achieve zero-voltage and zero-current switching of the
primary-side switches. Meanwhile, the output current imbalance has also been reduced
by the circuit. Common duty ratio control is also applied in ISOP-PSFB; all phases are
controlled by the same duty ratio [25]. However, the literature on IPOP-PSFB converter is
still not thorough enough.

In this paper, it is found that the circuit parameters contribute different influences to
the error of current sharing control, of which the transformer difference has the greatest
impact on the output power imbalance. To mitigate the current imbalance, a dynamic
hybrid compensator (DHC) for achieving the current sharing control of the IPOP-PSFB
converter is proposed. The compensator can reduce the error of current sharing control
via a phase-shift duty cycle compensation of the slave module. The proposed method can
control the error of current sharing control in real time and still retain a good performance
in maintaining the current balance even when the difference in components is as large as
20% in each phase circuit component.
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The rest of this paper is presented as follows. In Section 2, the single phase PSFB
gain equation, considering the duty cycle loss, is derived. In Section 3, the mathematical
model analyzes the effect of different types of component differences on output power
imbalance. Additionally, a dynamic hybrid compensator (DHC) is designed to achieve the
error reduction of current sharing control. The feasibility of proposed DHC is verified by
both simulation and experiments in Sections 4 and 5, respectively.

2. Derivation of PSFB Gain Equation Considering Duty Cycle Loss

In this section the PSFB voltage gain equation, considering the duty cycle loss problem,
is derived. The switching singles and waveform of the PSFB are shown in Figure 1. The
PSFB converter is shown in Figure 2. Figure 1 shows that during the t0 ~ t1 and t2 ~ t3,
the duty cycle of the transformer’s primary side voltage Vp and secondary side voltage Vs
is less than the duty cycle of the converter arm voltage VAB. D is the duty cycle of VAB;
Deff is the duty cycle of Vp and Vs; Dloss is the loss of duty cycle; Ts is the switching cycle;
Ip (1) and Ip (2) are the primary side current at t0 and t1 respectively; If is the current of
filter inductor; Io is output current, equal to the average of If. and ID is the current of the
rectifier diode.
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Figure 1. Switching singles and key waveform of PSFB.
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Figure 2. Operation mode during t0~t1.

Figure 2 shows the operation mode during t0~t1; the operation mode of t2~t3 is
symmetrical. In these operation modes, the commutation of the primary side current
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occurs and the current on the primary side gradually rises to the load current. Although
VAB is not equal to 0, the primary side voltage Vp is equal to 0. This is because the primary
side current Ip is changing direction and the current converted to the secondary side is
less than the Io. This results in the Io needing to be renewed through the I f and the output
rectifier bridge upper and lower tubes conduct at the same time. Thus, the secondary
winding is shorted, the voltage of the secondary winding is clamped to zero and the
voltage of the primary side will also be clamped at zero. So, compared to VAB, Vp and
Vs loses the voltage waveform. This phenomenon leads to a reduction in the effective
duty cycle.

De f f = D− Dloss (1)

The loss of duty cycle during voltage clamping of transformer windings is shown in
Figure 3. During this time, the relationship between the voltage and current of the primary
leakage inductor is:

Vin =
Lr(Ip(1)− Ip(2))

TsDloss/2
(2)
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The relationship between the primary side current Ip(1), Ip(2) and the secondary filter
inductor current IL f (1), IL f (2) is: {

Ip(1) = nIL f (1)
Ip(2) = −nIL f (2)

(3)

where n is the transformer turns ratio of the secondary side to the primary side.
The filter inductor current IL f (1), IL f (2) can be expressed as{

IL f (1) = Io + ∆IL f −
Vo(1−D)

L f
· Ts

2

IL f (2) = Io − ∆IL f
(4)

where ∆IL f is the fluctuation of filter inductor current; Io is the average current of filter
inductor, equal to the output current; Vo is the output voltage and L f is the output filter
inductor value.
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Combining Equations (2)–(4), the loss of duty cycle can be calculated as:

Dloss =
nLr

[
4L f Io fs −Vo(1− D)

]
VinL f

(5)

Substituting Equation (5) into Equation (1), the expression for the effective duty cycle
can be rewritten as:

De f f = D− 4n2 IoLr fs − n2VoLx(1− D)

nVin
(6)

where Lx = Lr
L f

.
Ignoring diode voltage drop, the relationship between the input voltage and output

voltage can be obtained by integrating the output voltage of the secondary rectifier bridge:

Vo =
∫ Ts

0
De f f TsVsdt = De f f Vs = De f f nVin (7)

Combining Equations (6) and (7) can obtain the PSFB gain equation:

G =
Vo

Vin
=

nD
1 + 4n2Lr fs/R− n2Lx(1− D)

(8)

3. Analysis of Parallel PSFB Converter

Circuit component manufacturing differences will result in a severe load current
imbalance and impair the performance of the parallel structure with the multiphase PSFB
converter. The definitions of the parameters are provided in Section 3.1. The influence of
each component difference on the performance of current sharing control of a parallel PSFB
system is analyzed in Section 3.2. The design of the DHC for current sharing control of a
parallel PSFB converter system is introduced in Section 3.3.

3.1. Two-Phase Parallel PSFB Converter

Figure 4 shows an input-parallel-output-parallel two-phase PSFB converter.
S1,1, S1,2, S1,3, S1,4 and S2,1, S2,2, S2,3, S2,4 are the primary switches of phase #1 and

phase #2, respectively. D1,1, D1,2, D1,3, D1,4 and D2,1, D2,2, D2,3, D2,4 are the rectifier diodes
on the secondary side of the two phases.

Lr1, Lm1 and L f 1 are the primary leakage inductor, primary magnetizing inductor
and secondary filter inductor of phase #1, respectively. Lr2, Lm2 and L f 2 are the primary
leakage inductor, primary magnetizing inductor, and secondary filter inductor of phase
#2, respectively. n1 and n2 are the ratio of turns of the secondary side to the primary side
coil of phase #1 and phase #2, respectively. Vin is the DC input voltage. Io1, and Io2 are the
load current of the two phases, respectively. Io is the total load current. Ro is the total load
resistor. Vo is the DC output voltage.

During the production process, the manufacturing difference of the components will
not exceed ±10%; this is considered qualified. Thus, it is assumed that the difference of the
two phases’ corresponding circuit components is 20% in this paper. The opposite difference
directions (Lr1 = 1.2Lr2 and Lr2 = 1.2Lr1) lead to the same current sharing error, despite the
current distribution being opposite. Parameters a, b, and c show that the circuit hardware
parameters of the two phases are different from each other. The circuit component values
of the two phases can be defined as:

Lr1 = Lr, Lr2 = aLr
L f 1 = L f , L f 2 = bL f
n1 = n, n2 = cn

(9)



Energies 2023, 16, 2204 6 of 22

Po is the total output power. The Ro can be expressed as:

Ro =
V2

o
Po

(10)

Po1 and Po2 are the power generated by the two phases. The relationship between Po1,
Po2 and Po is:

Po = Po1 + Po2 (11)
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The equivalent load resistors Ro1 and Ro2 of each phase can be expressed as: Ro1 = V2
o

Po1

Ro2 = V2
o

Po2

(12)

Defining k as the ratio of the load power generated by phase#1 [18], the Po1 and Po2
can be described as: {

Po1 = kPo
Po2 = (1− k)Po

(13)

Combine Equations (11)–(13):

[
Ro1 Ro2

]
=


[

∞ Ro
]

k ≤ 0[
Ro
k

Ro
1−k

]
0 < k < 1[

Ro ∞
]

k ≥ 1
(14)

When k ≤ 0, phase #2 will supply all the power, and the phase #1 equivalent load
resistor Ro1 will become infinite. When 0 < k < 1, each phase will supply part of the
total power.
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Define the current sharing error σload to evaluate the current sharing capability.

σload =

∣∣∣∣ Io1 − Io2

Io1 + Io2

∣∣∣∣ = |2k− 1| (15)

If σload = 0, it means that each module has the same output current and both supply
half of the total power. If σload = 1 it means there is only one phase to supply all the power.

When using common duty cycle control, according to Equation (8), the two phase
PSFB gain can be calculated as: G1 = n1D

1 + 4n2
1Lr1 fs/Ro1 − n2

1Lx1(1 − D)

G2 = n2D
1 + 4n2

2Lr2 fs/Ro2 − n2
2Lx2(1 − D)

(16)

where Lx1 = Lr1
L f 1

, Lx2 = Lr2
L f 2

.
Since the two power modules are connected in input parallel and output parallel, the

voltage gain will be the same in the steady state. The relationship is:

G1 = G2 (17)

Combining Equations (14)–(17), the k can be calculated by:

4n2Lr fs

Ro
(1 + ac)k =

1
c
− 1 +

4n2Lr fs

Ro
ac + n2 Lr

L f

[
(1− D)− c

a
b
(1− D)

]
(18)

To analyze the current sharing control performance, a set of PSFB converter component
values are designed and shown in Table 2. The output power is 400 W per phase.

Table 2. Values of PSFB-related parameters.

Parameter Value

Rated input voltage Vin 200 V
Leakage inductor Lr 30 µH

Filter inductor L f 200 µH
Transformer ratio 1/n 24:6

Rated output voltage Vo 40 V
Total output power Po half 400 W, total 800 W

Switch frequency 100 kHz
When Po = 400 W, Ro = 4 Ω; Po = 600 W, Ro = 2.667 Ω; Po = 800 W, Ro = 2 Ω.

3.2. Relationship between Component Difference and k

Assume that the component values of the two phases are identical except for the
leakage inductors. When b = 1 and c = 1, considering the relationship between a and k,
Equation (18) can be calculated as:

4n2Lr fs

Ro
(1 + a)k =

4n2Lr fs

Ro
a + n2 Lr

L f
[(1− D)− a(1− D)] (19)

Equation (19) can be simplified as:

k =
a

1 + a
+

Ro

4L f fs

(1− D)(1− a)
1 + a

(20)

The solutions of k for different values of a at different output power are shown in
Figure 5. The value of k becomes larger as a becomes larger. But the value of k changing
with Ro is so small that it can be ignored. In the worst case, (a = 1.2), k = 0.545 and the load
current sharing error σload = 9%.
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Figure 6 displays the solutions of k for various values of b at various output pow-
ers. The value of k is proportional to b. As the output power decreases, the value of k
increases. However, even in the worst case (b = 1.2, Ro = 4 Ω), the value of k = 0.50082 and
σload = 0.164%. Compared to the current sharing error caused by other circuit parameters,
the error caused by the filter inductor difference is so small as to be negligible. Therefore, in
the later part of the analysis, the effect of filter inductor difference can be ignored, meaning
b = 1.
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When considering only the effect of the transformer ratio difference on k, Equation (18)
can be calculated as:

4n2Lr fs

Ro
(1 + c)k =

1
c
− 1 +

4n2Lr fs

Ro
c + n2 Lr

L f
[(1− D)− c(1− D)] (23)

Equation (23) can be simplified as:

k =
1− c

c(1 + c)
Ro

4n2Lr fs
+

c
1 + c

+
Ro

4L f fs

1− c
1 + c

(1− D) (24)
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Figure 7 shows the solution of k for different output power when the transformer
difference increases. When the forward error of transformer ratio difference increases,
phase #1 supplies less power. With the total output power decreases, a worse load current
imbalance will happen. In the worst case (c = 1.2, Ro = 4 Ω), k = 0.1405, phase #1 only
supplies 14.05% of the total power output and σload = 71.9%.
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3.3. Designs of a Dynamic Hybrid Compensator for Current Sharing Control of Parallel PSFB

From the above analysis, the impact on the current sharing error on filter inductor
difference is minimal, and the ratio difference is the major influencing factor.

Define phase #1 as the master module, and phase#2 as the slave module. Introducing a
phase shift duty cycle compensation, d, the relationship between the master module phase
shift duty cycle D1 and the slave module phase shift duty cycle D2 is:

D2 = dD1 = dD (25)

Equation (16) becomes: G1 = n1D
1 + 4n2

1Lr1 fs/Ro1 − n2
1Lx1(1 − D)

G2 = n2dD
1 + 4n2

2Lr2 fs/Ro2 − n2
2Lx2(1 − D)

(26)

When k = 0.5, each phase provides half of the total power. When b = 1, k = 0.5,
Equation (26) can be expressed as:

2n2Lr fs

Ro
d +

2n2Lr fs

Ro
ac =

1
c
− d +

4n2Lr f
Ro

ac + n2 Lr

L f
[d(1− D)− ac(1− dD)] (27)

Equation (27) can be simplified as:

d +
Ro

2n2Lr fs
d +

Ro

2L f fs
(ac− acdD− d + dD) = ac +

Ro

2n2cLr fs
(28)

Thus, the expression of d is:

d =
ac + Ro

cδ −
acRo
2L f fs

1 + Ro
δ −

Ro(acD − D + 1)
2L f fs

(29)

where δ = 2n2Lr fs. Figure 8 shows the solution of d.
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Figure 8. Solution of phase shift duty cycle compensation d in different output resistances:
(a) Ro = 2 Ω, Po = 800 W; (b) Ro = 4 Ω, Po = 400 W.

In the PSFB converter, the filter inductor is generally at the µH level and the switching
frequency can reach 50 khz or more. This causes the factor Ro(ac− acdD− d + dD)/

(
2L f fs

)
to become so small that it can be ignored. After simplifying, the expression of d becomes:

d =
ac + Ro

cδ

1 + Ro
δ

(30)

Figure 9 shows the solution of d according to Equation (30). Figure 10 shows the error
of d for the solution of Equation (30). The biggest error is 0.0021 when a = 1.2, c = 1.2 and
Ro = 4 Ω, so d can be calculated by Equation (30).
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(b) Ro = 4 Ω, Po = 400 W.

Based on Equation (30), this paper designs a dynamic hybrid compensator (DHC) for
current sharing control of parallel PSFB; the block diagram is shown in Figure 11. The
factors a, c and δ are hardware parameters of the system that need to be measured in
advance and preset in the compensator; they do not change as the system runs. They
are the known parameters. The only unknown element in the control process is the total
output resistance: Ro. It can be calculated by the output voltage Vo and the current of both
phases Io1 and Io2. The master module is responsible for maintaining the output voltage.
By combining the main module’s phase shift duty cycle D1 and the calculated phase shift
duty cycle compensation d, the slave module can adjust its own phase shift duty cycle, D2,
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in real time to achieve two-phase current sharing control. The PI controller is used in DHC
for further reduction of current sharing control errors.
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Figure 11. Block diagram of parallel PSFB with DHC.

4. Simulation Result

In this section, MATLAB and Simulink simulation results for the influence of circuit
component differences are analyzed. The circuit part and controller part of the simulation
model are shown in Figures 12 and 13. In addition, the simulation of the parallel PSFB
converter without current sharing and the system with the DHC controlling will be shown
in the next section to further compare and validate the current sharing control performance.
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4.1. Influence of Leakage Inductor Difference

Figure 14 shows the simulation result of the output current Io and rectifier current Id
at the maximum leakage inductor difference (a = 1.2).

Table 3 shows each phase’s load current and the total load current. It can be observed
from the simulation that the output current sharing error, σload, matches the calculation
results. The diversity in current sharing error at different output power is not significant;
the error σload is about 9%. The secondary diodes of phase #1 are subjected to more
current stress.

Table 3. Data comparison of different output power when a = 1.2.

Po Io Ioi ∆Io ki σload

400 W 10.12 A
Io1 = 5.5 A

∆Io = 0.9 A
k1 = 0.543

8.89%Io2 = 4.61 A k2 = 0.456

600 W 14.89 A
Io1 = 8.11 A

∆Io = 1.33 A
k1 = 0.545

8.93%Io2 = 6.78 A k2 = 0.455

800 W 19.96 A
Io1 = 10.89 A

∆Io = 1.83 A
k1 = 0.546

9.17%Io2 = 9.1 A k2 = 0.456
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Figure 14. Simulation result of output current and rectifier current in different output resistances
when a = 1.2: (a) Ro = 4 Ω, Po = 400 W; (b) Ro = 2.667 Ω, Po = 600 W; (c) Ro = 2 Ω, Po = 800 W.

Current Sharing Control Result When a = 1.2

Only using the calculation result d, the result of Io and Id when a = 1.2 is shown in
Figure 15.
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Figure 15. Simulation result of Io and Id in different Po after using calculation result when a = 1.2:
(a) Ro = 4 Ω, Po = 400 W; (b) Ro = 2.667 Ω, Po = 600 W; (c) Ro = 2 Ω, Po = 800 W.

Table 4 shows the current sharing error, σload, after using the calculation result d. As
the output power increases, the current sharing error decreases. Comparing the data in
Tables 3 and 4, the phase-shift duty cycle compensation d can reduce the current imbalance
caused by the leakage inductance difference, especially when operating at full load.
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Table 4. Data comparison of different output power after only using calculation result when a = 1.2.

Po Io Ioi ∆Io ki σload

400 W 9.97 A
Io1 = 4.68 A

∆Io = 0.61 A
k1 = 0.47

6.07%Io2 = 5.29 A k2 = 0.53

600 W 15.08 A
Io1 = 7.3 A

∆Io = 0.47 A
k1 = 0.484

3.12%Io2 = 7.78 A k2 = 0.516

800 W 20.23 A
Io1 = 10.24 A

∆Io = 0.26 A
k1 = 0.506

1.28%Io2 = 9.99 A k2 = 0.494

The simulation result after using the proposed DHC current sharing control is shown
in Figure 16 and Table 5. The current sharing error after using DHC is less than the error
after only using the calculation d control. The errors are all less than 0.2%.
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Po = 400 W; (b) Ro = 2.667 Ω, Po = 600 W; (c) Ro = 2 Ω, Po = 800 W.

Table 5. Data comparison of different output power after using DHC when a = 1.2.

Po Io Ioi ∆Io ki σload

400 W 9.97 A
Io1 = 4.98 A

∆Io = 0.02 A
k1 = 0.5

0.2%Io2 = 4.99 A k2 = 0.5

600 W 15.14 A
Io1 = 7.57 A

∆Io = 0.02 A
k1 = 0.5

0.13%Io2 = 7.56 A k2 = 0.5

800 W 20.07 A
Io1 = 10.04 A

∆Io = 0.02 A
k1 = 0.5

0.1%Io2 = 10.03 A k2 = 0.5

4.2. Influence of Filter Inductor Difference

Figure 17 and Table 6 show the simulation data of the output current Io and rectifier
current Id at the maximum filter inductor difference (b = 1.2).

The biggest current sharing error, σload, = 0.06%. Compared to the other parameters,
the current imbalance caused by filter inductor difference can be ignored.
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Table 6. Data comparison of different output power when b = 1.2.

Po Io Ioi ∆Io ki σload

400 W 9.92 A
Io1 = 4.96 A

∆Io = 0.006 A
k1 = 0.5

0.06%Io2 = 4.96 A k2 = 0.5

600 W 15.06 A
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4.3. Influence of Transformer Ratio Difference

Figure 18 displays the Io and Id without current sharing control simulation results at
the highest transformer ratio difference (c = 1.2).

Table 7 shows the current sharing error σload without using the current sharing control
when c = 1.2. The transformer ratio difference is the most important factor causing output
current imbalance among the three parameters. In the worst case where Ro = 4 Ω and
Po = 400 W, the load current sharing error σload reaches 73.98%. When k1 = 0.13, phase #1
only outputs 13% of the total power and phase #2 supplies 87% of the total power. The
secondary diodes of phase #2 are subjected more current stress.

Table 7. Data comparison of different output power without current sharing control when c = 1.2.

Po Io Ioi ∆Io ki σload

400 W 10 A
Io1 = 1.3 A

∆Io = 7.39 A
k1 = 0.13

73.98%Io2 = 8.69 A k2 = 0.87

600 W 15.11 A
Io1 = 4.06 A

∆Io = 6.99 A
k1 = 0.269

46.26%Io2 = 11.05 A k2 = 0.731

800 W 20.3 A
Io1 = 6.84 A

∆Io = 6.62 A
k1 = 0.337

32.61%Io2 = 13.46 A k2 = 0.663
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Current Sharing Control Result when c = 1.2

Figure 19 and Table 8 show the simulation result after only using calculation d. It can
be seen that, after using the current sharing control, the current sharing error decreases as
the total output power increases. In the simulation, in the worst case, where Ro = 4 Ω and
Po = 400 W, the load current sharing error σload = 8.82%. In the worst case, the load current
sharing error σload reaches 73.98%. At the full output power case, where Ro = 2 Ω and
Po = 800 W, the load current sharing error σload = 1.84%.

Table 8. Data comparison of different output power after only using calculation result when c = 1.2.

Po Io Ioi ∆Io ki σload

400 W 9.91 A
Io1 = 4.52 A

∆Io = 0.87 A
k1 = 0.456

8.82%Io2 = 5.39 A k2 = 0.544

600 W 15.01 A
Io1 = 7.76 A

∆Io = 0.51 A
k1 = 0.517

3.41%Io2 = 7.25 A k2 = 0.483

800 W 20.01 A
Io1 = 9.82 A

∆Io = 0.37 A
k1 = 0.491

1.84%Io2 = 10.19 A k2 = 0.509

The simulation result where c = 1.2 after using the DHC is shown in Figure 20 and
Table 9. The σload of the parallel PSFB system after using DHC current sharing control can
be further reduced when compared with only using the calculated d. At the half output
power case, with the current error ∆Io = 0.1 A, each phase supplies almost half the power
of the total output power.
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Figure 20. Simulation result of Io and Id in different Po after using DHC when c = 1.2: (a) Ro = 4 Ω,
Po = 400 W; (b) Ro = 2.667 Ω, Po = 600 W; (c) Ro = 2 Ω, Po = 800 W.
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Table 9. Data comparison of different output power after using DHC when c = 1.2.

Po Io Ioi ∆Io ki σload

400 W 9.92 A
Io1 = 4.91 A

∆Io = 0.1 A
k1 = 0.495

1.01%Io2 = 5.01 A k2 = 0.505

600 W 15.04 A
Io1 = 7.51 A

∆Io = 0.05 A
k1 = 0.499

0.33%Io2 = 7.52 A k2 = 0.5

800 W 20 A
Io1 = 10.02 A

∆Io = 0.05 A
k1 = 0.501

0.25%Io2 = 9.98 A k2 = 0.499

5. Experiment Result

An 800 W prototype using a two-phase PSFB converter is designed and fabricated
to verify the feasibility of the proposed dynamic hybrid compensator and to demonstrate
its effectiveness. The circuit schematic is shown in Figure 4. The design of the circuit
component parameters is based on the traditional design method of a single-phase PSFB
converter. The testing bench and prototype of the two-phase PSFB converter are shown
in Figure 21. The prototype component values are shown in Table 10 [26,27]. MOSFET
IRFP360PBF from Infineon are used as the converter switches. The TMS320F280049 from
TI is adopted in the control module. The models of the oscilloscope, load and the source
are Tektronix MSO54, ITECH IT6018B-800-75 and EA-PS 9500-90, respectively.
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Figure 21. Testing bench and prototype of two-phase PSFB converter: (a) testing bench; (b) prototype.

Table 10. Prototype circuit component values.

Parameter Value

Rated input voltage Vin 200 V
Rated output voltage Vo 40 V

Full load current Io 10 A × 2
Rated output power Po 400 W × 2

Leakage inductor Lr 31.29 µH (phase#1), 27.59 µH (phase#2)
Filter inductor L f 237.69 µH (phase#1), 265.86 µH (phase#2)

Transformer ratio 1/n 24:6(phase#1), 24:7(phase#2)
Switch frequency 100 kHz

Define the phase #1 as the master module and the phase #2 as the salve module. The
leakage inductor difference factor a = 0.882, the filter inductor difference factor b = 1.12, and
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the transformer ratio difference factor c = 1.168. All the parameter differences are basically
consistent with the maximum value set by the calculation and simulation in this paper.

Figure 22 shows the experiment result of the two-phase PSFB converter without
current sharing control at 400 W, 600 W and 800 W total output power. Table 11 shows each
phase output load current, power ratio k and current sharing error. As shown in the figure,
the phase #2 supplies almost all the load current and the phase #1 supplies very little of
the total output power. As the data in Table 11 show, at the worst case where Ro = 4 Ω and
Po = 400 W, the phase #2 supplies the 94.2% total power and the current sharing error
σload = 88.39%. The difference between the experimental and simulation results is due to
the coexistence of a and c.
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Figure 22. Experimental result of output current without current sharing control in different Po:
(a) Ro = 4 Ω, Po = 400 W; (b) Ro = 2.667 Ω, Po = 600 W; (c) Ro = 2 Ω, Po = 800 W.

Table 11. Experimental data without current sharing control in different output power.

Po Io Ioi ∆Io ki σload

400 W 10.34 A
Io1 = 0.6 A

∆Io = 9.14 A
k1 = 0.058

88.39%Io2 = 9.74 A k2 = 0.942

600 W 14.88 A
Io1 = 2.94 A

∆Io = 9 A
k1 = 0.198

60.48%Io2 = 11.94 A k2 = 0.802

800 W 20.5 A
Io1 = 6.9 A

∆Io = 6.7 A
k1 = 0.337

32.68%Io2 = 13.6 A k2 = 0.663

Figure 23 and Table 12 show the experiment result of the two-phase PSFB converter
after only using calculation phase-shift duty cycle compensation d to reduce the error of
current sharing control at 400 W, 600 W and 800 W total output power.

Energies 2023, 16, x FOR PEER REVIEW 21 of 24 
 

 

600 W 14.88 A 
1oI  = 2.94 A 

oI  = 9 A 
1k  = 0.198 

60.48% 

2oI  = 11.94 A 2k  = 0.802 

800 W 20.5 A 
1oI  = 6.9 A 

oI  = 6.7 A 
1k  = 0.337 

32.68% 

2oI  = 13.6 A 2k  = 0.663 

Figure 23 and Table 12 show the experiment result of the two-phase PSFB converter 

after only using calculation phase-shift duty cycle compensation d to reduce the error of 

current sharing control at 400 W, 600 W and 800 W total output power. 

In the worst case, the phase #1 provides 43.1% output power and the current sharing 

error load  = 13.9%. Compared with Table 11, the current imbalance is improved. 

   

(a) (b) (c) 

Figure 23. Experimental result of output current after only using calculation compensation: (a) 
oR  

= 4  ,
oP  = 400 W; (b) 

oR  = 2.667  ,
oP  = 600 W; (c) 

oR  = 2  ,
oP  = 800 W. 

Table 12. Experimental data after only using calculation compensation. 

oP  oI  oiI  oI  ik  load  

400 W 10.08 A 
1oI  = 4.34 A 

oI  = 1.4 A 
1k  = 0.431 

13.9% 

2oI  = 5.74 A 2k  = 0.569 

600 W 14.98 A 
1oI  = 7.04 A 

oI  = 0.9 A 
1k  = 0.47 

6.01% 

2oI  = 7.94 A 2k  = 0.53 

800 W 20.28 A 
1oI  = 9.64 A 

oI  = 1 A 
1k  = 0.475 

4.93% 

2oI  = 10.64 A 2k  = 0.525 

The experimental current data of two phases after using the DHC current sharing 

control are shown in Figure 24 and Table 13. The output current sharing error load  are 

1.98% in 400 W, 1.33% in 600 W and 1.99% in 800 W. The current sharing control perfor-

mance of DHC is better than only using the calculation compensation, especially in the 

half output power case. The current sharing error is less than 2%, which is significantly 

decreased than in the without current sharing case. The comparation of the dynamic per-

formance between the proposed DHC control than the conventional PI control is shown 

in Figure 25. Although the steady-state errors are similar between the DHC control and 

Figure 23. Experimental result of output current after only using calculation compensation:
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Table 12. Experimental data after only using calculation compensation.

Po Io Ioi ∆Io ki σload

400 W 10.08 A
Io1 = 4.34 A

∆Io = 1.4 A
k1 = 0.431

13.9%Io2 = 5.74 A k2 = 0.569

600 W 14.98 A
Io1 = 7.04 A

∆Io = 0.9 A
k1 = 0.47

6.01%Io2 = 7.94 A k2 = 0.53

800 W 20.28 A
Io1 = 9.64 A

∆Io = 1 A
k1 = 0.475

4.93%Io2 = 10.64 A k2 = 0.525

In the worst case, the phase #1 provides 43.1% output power and the current sharing
error σload = 13.9%. Compared with Table 11, the current imbalance is improved.

The experimental current data of two phases after using the DHC current sharing
control are shown in Figure 24 and Table 13. The output current sharing error σload are 1.98%
in 400 W, 1.33% in 600 W and 1.99% in 800 W. The current sharing control performance of
DHC is better than only using the calculation compensation, especially in the half output
power case. The current sharing error is less than 2%, which is significantly decreased
than in the without current sharing case. The comparation of the dynamic performance
between the proposed DHC control than the conventional PI control is shown in Figure 25.
Although the steady-state errors are similar between the DHC control and the PI control,
the dynamic response time of the DHC control is 1.7 ms faster than the PI control, showing
a 36.2% improvement.
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1.33%Io2 = 7.6 A k2 = 0.507
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6. Conclusions

The IPOP-PSFB converter, that consists of multiple PSFB modules connected in par-
allel at the input and output, is a very attractive solution for expanding PSFB converter
output power level application. Manufacturing differences make the output current dif-
ferent between modules. Therefore, it is to ensure that each module output current is
shared evenly.

This paper proposes a mathematical model of an IPOP-PSFB system and a new dy-
namic hybrid compensator current sharing control method for the multiphase PSFB con-
verter. The following conclusions can be drawn from the study:

i. The influence of circuit elements on the performance of the current sharing control
is analyzed and it is found that the leakage inductor difference and the transformer
ratio difference are the main factors in current sharing control errors.

ii. A dynamic phase-shift duty cycle compensator cooperating with a PI controller is
proposed to achieve the output balance of current sharing control. The simulation
analysis results indicate that the proposed strategy can significantly decrease the
current sharing error, even with a component difference lower than 20%. A further
experimental test on a prototype 800 W two-phase PSFB converter shows that the
proposed DHC control can reduce the current sharing error to less than 2% under
both half and full load conditions.

However, the method proposed in this paper still has a shortcoming: the hardware
parameters of the system need to be measured in advance and preset in DHC. This increases
the operational complexity. More work is required to identify the error coefficients of
parallel PSFB converter and improve the method.
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