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Abstract: This paper presents the design of a high frequency zero voltage switching (ZVS)
full-bridge converter with a phase-shifted driving signal for photovoltaic applications. The
resonant power converter can provide high-power capacity under high-frequency operation. The
proposed power converter can also reduce the size of the transformer under the same power rating.
The high-frequency transformer was developed by using the resonant and switching frequencies of
the power converter to reduce the switching loss and to improve the system efficiency.
Phase-shifted modulation was selected to drive the switches of a full-bridge power converter based
on the switching loss minimization method. The desired output voltage was controlled using a
closed-loop controller under a loop gain stability margin. The simulation results showed that the
output voltage can be controlled to the desired constant when the input voltage changes from 30
Ve to 60 Voc. The desired output voltage of power converter is constant at 400 Voc. The power
converter can transfer the DC supply to a 220 Vac household via grid-connected inverter.
Therefore, the proposed study showed the effectiveness of the phase-shift ZVS full-bridge power
converter with high-frequency transformer. This power converter can control the operation of the
desired voltage system and has a small sizing of power converter system, low switching loss, and
high system efficiency.

Keywords: phase-shifted full-bridge, resonant converter, photovoltaics, zero voltage switching,
power loss.

1. Introduction

Photovoltaic systems are renewable energy systems in which solar energy is transformed
into electricity using semiconductor materials. Photovoltaic systems can replace electric power
plants because of fossil fuel usage, energy availability, environmental pollution due to carbon
dioxide emissions, and rapid fossil fuel consumption. Integrating solar energy sources into existing
energy infrastructure is derived by the general installation of distributed generation for increasing
power system stability. Photovoltaic systems use electronic equipment as power converters to
convert the solar panel output to the desired voltage. Therefore, an important part of photovoltaic
systems is a power converter that can draw the solar energy power to power grid systems. The
control indices of a photovoltaic system are value, performance and power loss in the future [1-3].
To solve these indices, the photovoltaic system can increase the power capacity using modern
power converter technology, increase the high-power capacity of transformers, and reduce the size
of the transformer using high-frequency operation. For the above design purpose, this paper has
selected to use a high-frequency high power converter that can control the desired voltage rapidly

and can also isolate the ground system from the electrical system.
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A high-power converter uses soft switching operations, namely, zero voltage switching (ZVS),
that reduces the switching loss of the power converter during on and off switch operation. The
resonant DC-DC power converter is driven by the phase-shifted PWM modulation technique [4-5].
Therefore, this power converter can reduce switching power loss and increase overall conversion
efficiency [6-7]. For the above reason, this article will propose new control methods for power
converter to improve the system performance. The two parallel half-bridge converters and an initial
starter inductor are selected. Therefore, this paper presents the control for DC-DC power
converters. It provides a path for power flow and a wider load range for lightweight conditions
without additional power circuits. In addition, the proposed controller method combines drive
logic for better power converter performance. The mathematical models explain the principles and
advantages of the proposed control algorithm methods, including linear phase-shifted voltage and
phase-to-weight ZVS operation. Fig.1 shows the proposed power converter for a photovoltaic
system. This power converter topology consists of a full bridge converter, rectifier circuit,
high-frequency transformer and grid-connected inverter with a boost converter. The converter can
operate in bidirectional power flow mode and can turn-on/turn-off in the soft switched operation

mode for a wider load range.

L
+ S
DI+ B SH T
Ed _iitﬁ I x DBz . e el L
| =c | S Qr 3L GI | Lo
2| 3 - -
) IR M mg s S 334?

Figure 1. The full-bridge power converter for photovoltaic systems.

2. Analysis of The Phase-Shifted Full Bridge Power Converter

The phase-shift ZVS full-bridge power converter is the DC-DC power converter with three
cascade parts for power conversion. The first part is a DC to AC phase-shift full-bridge converter
with high frequency primary transformers sides, the second part is an AC to AC high frequency
secondary transformer sides, and the third part is an AC to DC high-frequency rectifier. In the
topology of the full bridge phase shift ZVS converter, there are four switching elements, such as a
full-bridge converter [8]. The switches of S, and S, are turned-on and turned-off complementarily
with a 48% duty cycle. Conversely, the opposite switchesS;,S, are turned-on with a different

strategy. The switches S,and S, are phase-shifted according to the desired control signal.

The inductor energy for achieving ZVS can be calculated as equation (1).

2

1 2
> 'Cmos VIn +ECTR VI (1)

n

where |, is the current flowing through the primary side when S: is stopped, Vin is the input
voltage of the circuit and G, is the capacity of the transformer coil. The transformer factor of 3/4 is

the double power stored in a nonlinear drain. The capacity varies according to the square root of
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the input voltage [9]. The resonance between the values of L, C_  and C,; lets the sinusoidal

voltage pass the maximum capacity at one-fourth of the resonant frequency range. It can set dead
time between S, and S, by setting the value of 5t in order to be sure that there is sufficient

charging time and discharging the charge at the specified time to ensure that ZVS while connecting

the highest possible load can be determined by the following equation (2).

Ly -C @)

Otmax =

IR |
NN

where C = CuostCo.

The interval of zero switching conditions of S;andS, will vary with the load level of the
converter. Because the load current is low when closed, S; and S, may not be sufficient to activate

for parallel protection signal, for switches S, andS,, and the ZVS has a different mechanism.

Before S, is turned off, the main current is reaching the maximum value. When S, is turned off,

the available power to charge the output capacity of S, and discharge the output capacity of S, is

the energy stored in L, . This inductive filter output is provided because the filter inductor does not

rotate through the regulator until the second voltage is reduced to zero. The energy inductance of
the filter is large when compared to the energy stored in the switch capacitor. The current switching

method implementation can be estimated by charging in the linear form with constant current.

Therefore, the Ot dead time which required during turn-on and turn-off of the S andS, can be

obtained in equation (3).

St-1 =4.C__ -V 3)

The 4.C_, -V, corresponds to the double charging stored in nonlinear output. The capacity

of electronic switches and Ip is the maximum current in the inductive filter output. The reflection

of the main dead time can be calculated as the lowest value selected to get the ZVS value. If the

current is reduced, the ZVS value cannot be controlled. For the ZVS occurrence of the S, and S,

operating range can be achieved even at the light load due to the fact that D1 and Ds can be opened

by the energy stored in the output filter inductor. However, ZVS for S, and S, can only be used

for load currents that are higher than the critical values shown in the equation (4).
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The current through L, at t, can calculate such values from the equation (5).
N Al V, T
Iy =—5 ] Dy + — ——2%—(1-D)— 5
2 Np (Ioad 2 Lr+Lm( )2} ()

Finally, the value of the ZVS is able to receive the load current at 1,)l.,, , which is shown in

equation (6).

N Al V T

> P o ——+— (1-D 6
load N CRIT 2 Lr+|-|: ( )2 ( )

2.1 Operation State of the DC-DC Power Converter

The power converter equivalent circuits directly from the full bridge DC-DC power converter
circuit are shown in Figure 2. The switch can be partitioned into two sets of state-based sub-circuits,
switches, and shortcuts for the status of the switch: 0 <t < dTs, dTs<< t £, Ts. The induced current and
the capacitor voltage were chosen as a state variable of output voltage [10].

ly

v
)

Figure 2. The equivalent circuit of DC-DC power converter

In the 0 <t< dTs period, S,, S, or S,, S, or performing a, Fig. 2 is the equivalent circuit

of the DC-DC power converter and its equation is shown in equation (7)

Lﬂz_g_v
d n € ?)
Ve Ve
d¢ - R

In the dTs < t< T period, S;, S, or S,, S;are turned-off. Fig. 2 (a) shows the equivalent circuit,

and its equation is as expressed in equation (8).

(8)


https://doi.org/10.20944/preprints201906.0131.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2019 d0i:10.20944/preprints201906.0131.v1

50f 17

Then, for equations (7) and (8), the average value is (7) x d + (8) x (1-d), the duty cycle is the d value
in the equation (9).

. y ~
LI sy )s2d2e
dt n Ts ©)
dv v v
C—C =2d(i, —-S)+2d(i, - <
ot (ii-)+2dl-2)

2.2 The Small-Signal Model of a Full Bridge DC-DC Power Converter
Figure 3 shows a small signal circuit for a full bridge converter that can be obtained with a
PWM signal converter. The duty cycle is controlled by the values of inductor voltage and current

input [11]. The effective duty cycle can be expressed in equation (10).

d,, =D, +der (10)
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Figure 3. The small-signal model of the proposed power converter.

An effective cycle time depends not only on the duty cycle. But it depends on the primary
voltage, inductor filter and the drop voltage of leakage inductor. The effective duty cycle of power
converter is constant and small duty cycle changing, due to the inductor current and input voltage,

can be shown as given in equation (11).
der =d+di+d (11)

A

di and d, are the small change of the duty cycle due to the filter inductor current and the

input voltage changing as the equation (12) and (13)

A~ 4nL fo 2
di= 2=, (12)
o anLf, o
dy =25y, (13)

in

Transfer function from equivalent circuit of Fig. 3, as shown in equation (14).


https://doi.org/10.20944/preprints201906.0131.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2019 d0i:10.20944/preprints201906.0131.v1

6 of 17

_ WV ! (14)

LC g2 4 L+RdC of R L
R RLC LC

2.3 Steady State Analysis of Phase-Shift Full-Bridge Power Converter

The reducing the size and weight of magnetic components is desirable as is increasing the

G(s) =

o > |o< >

switching frequency for DC-DC power converters. When conventional PWM converters operate at
high frequencies, the circuit performance will also decrease. Increased switching loss in high power
applications must have insulting or other protection methods that cause significant losses and
reduce efficiency.

When the operation full bridge converter uses the shift phase control signal, there are two
functions. The first step is to convert DC to AC by full bridge converter circuits, connected with a
high frequency transformer, and the second step is an AC to DC by high frequency rectifier circuits
with a low-pass filter. The full bridge converter has four switches, similar to the conventional full
bridge converter shown in Fig. 1. The proposed control for switching S-S, is a phase-shifted
PWM that differs from conventional control. The leg-pair switches are turned on complementarily
with 48% duty cycle excluding the short dead time. The driving signals are shown in Fig. 4 (b)
where the second control signal has shifted the phase. The operation in the switch mode is zero,

resulting in the current and voltage generated by the switch operation 1-4 as shown in Figure 4 (c)
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Figure 4. (a) Conventional full-bridge PWM Converter (b) Principle of operation for the full bridge
phase- shifted power converter (c) The circuit for the ZVS mode of switch [12].
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Figure 4 shows the driving signals of Si1 to Ss, the primary voltage side of transformer, Ve and

the secondary voltage side of transformer Vs. The operation state can be explained by each mode as
follows [13-15]:

Dt ;)
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i xS
9 - 5 n % D* )

Figure 5. Mode 1

v

Mode 1: Loss of duty cycle
In modet =t,, the switchesS andS, are on; switchS, is turned on with ZVS after ending
mode t,. The secondary voltage side of transformer V, remained zero until the current primary

side of the transformer reverses to the positive direction and increased to reach the reflected output
inductor current (nl ) in mode loss of duty cycle t=t,.
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Figure 6. Mode 2

Mode 2: Power transfer mode

In modet=t, the secondary voltage of the transformer is equal to nV in, the D, D, rectifier
diodes are forward biased and transfer energy from source to load. The first operation mode of the

phase shift t —t,, the current across the output filters began to increase and the primary current of

the transformer |, then equal to the output inductor current that reflects (nl ).
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Figure 7. Mode 3

Mode 3: Zero voltage for the S, switch
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At In modet =t,, theS, switch is off, and the primary current of the transformer charges the
C, S,switch and discharges the switch of S, when charging capacity C,is fully released. From
V,,to 0, the D, diode will start to obtain zero voltage for the S,switch. This will reduce the damage
to the switch. In this mode, the secondary voltages of the transformer turn into zero. The high

frequency rectifier diode D, and diode D, will conduct the electricity.

T
St DX 03
N - H +
® < 1n o

Figure 8. Mode 4

Mode 4: Freewheel though switch mode
In modet=t,, the S,switch with the ZVS and primary current of the high frequency
transformer |, is turned-on and freewheeled thoughS,andS,. The secondary voltage of the

transformer V; in the state of zero and the output voltage is released by the load.

Figure 9. Mode 5

Mode 5: Zero voltage for the S,switch

In modet =t,, while the switch S, is in the down state and the primary current of the
transformer will be in the charging state C, connected with S and then discharge C, that is
connected to the switchS,. When the capacitanceC, was completely released from V, to 0,
diode D,, it will be in mode is zero voltage due to the switch for switch S,. The secondary voltage

of the transformer remains zero voltage during the modet, —t;.
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Figure 10. Mode 6

Mode 6: Loss of duty cycle

In modet =t,, switch S, Enable with ZVS after the end of modet, . The secondary voltage
of the transformer V_, still at zero voltage until the primary current of the transformer |, reverses
its direction and starts to increase the induction of the output current reflected nl  at periodt=t;.
The primary current of the transformer will increase according to the slope V; /L, as theV,, which

ignored the induced leaking inductor L, and lack of power transfer to the output.
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Figure 11. Mode 7

Mode 7: Power transfer mode

In modet=t,, the secondary voltage side of the transformer V, equalsnV, . The high
frequency rectifier diodes D, and diodes D, are the period in which the forward biased diode and
transfer energy to charge the inductor to pass power output. The first operation mode of the phase
shifts again the working range of modet,. Cross-inductor output currents begin to increase, and the
primary current of the transformer 1, flows in the negative direction equal to the electric current

that is reflected nl .

Figure 12. Mode 8

Mode 8: Zero voltage for the S,switch

In modet =t,, while the switch is in the down state and the primary current of the high
frequency transformer will be in the charging state C, connected with S; and then discharge C,
that is connected to the switch S,. When the capacitance C, was completely released from V, to 0,
its device diode D, was in the mode of zero voltage due to the switchS,. In this mode, the
secondary voltage of the high frequency transformer will become zero and the high frequency

rectifier diode will carry the current.
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Figure 13. Mode 9

Mode 9: Freewheel though switch mode
In modet=t;, switchS, with the ZVS and primary current of the high frequency
transformer |, is turned on and freewheeled though S,andS,. The secondary voltage of the high

frequency transformer V; in the state of zero and the output voltage is released by the load.

Figure 14. Mode 10

Mode 10: Zero voltage for the S, switch

In modet =t,, switch S, while the switch was in the down state and the primary current of
the high frequency transformer was in the charging state C, connected with S, and then
discharge C, that was connected to the switchS,. When the capacitance C;, was completely
released from V,, to 0, its device diode D, was in the mode of zero voltage due to the switch S,

solving problems of loss in switch devices. In this part, the secondary voltage of the high frequency

transformer returned to zero, and in the rectifier circuit D,, and D, was in current condition.

3. High-frequency Transformer

High frequency transformers are designed to support integration with electronic switches
in the form of high frequency signals. And they are designed to obtain the output voltage that is
maintained between the lowest input voltage when the maximum load is connected. The duty cycle
is an important parameter in controlling the operation of the system to transfer the energy of the
transformer from the primary side to the secondary side. The offset time of each working period is
half-worked alternately in order to reverse the primary side of the system and to allow the current
to flow to the current circuit on the secondary side of the high frequency transformer. As a result,
having to consider the loss of work cycles when calculating the rotation ratio. Otherwise, the
converter may have a high loss value [16]. Especially during the control period under extreme load
conditions, especially if it exists. For higher leakage induction values [17], the voltage is shown in

the equation (15).
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V, N N, | L
2 —_S.ph—| | —=| =~ f 15
N Pl (N ]Vm (15)

p

For the energy loss from transformer ratio, without the cupper loss, can be can be calculated

by this equation (16).

pheff =

<|<

N, 16
N (16)

The principle of choosing the size and shape of the transformer will mainly consider the
efficiency and increasing temperature. Some transformer design experiences, along with a few
repetitions, need to choose the most appropriate axis with a balanced core and loss of coil.

For the loss of an acceptable axis, determine the maximum magnetic flux limit at 0.1 Tesla.

Therefore, the number of primary windings of the transformer can be calculated.

Vi, - ph
N, = _ Vi Pl (17)
2 : Bmax ’ A: ’ f
V,, - ph
= in p eff (18)
2-N -A-f
The ripple of inductor current can be calculated from the equation below.
. I
Al = %Rlpple-?0 (19)

The inductance of the L1 filter and the maximum current are determined according to the

induced ripple current [18].

1
L=g Ve (1-phy )-T (20)

Output of the capacitor ripple current is a function other than the phase shift of the power
conversion circuit. Current rectifier can completely reduce the current ripple in capacity in the case
of Pheff= 0.48. Current ripple output capacitor, RMS current and ESR loss can be calculated by the

following equation.

Alg, =—>-T-(1-2- phy ) (21)
L,
1
ICo.rms = E : AICOZ (22)
P =1, "ESR,, (23)
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The ripple voltage of the capacitor value can be calculated from the equation
V,-(1-2-phy )-T?
AVCO _ o ( p eff) (24)
16-L, -C,
The capacitor value used to filter the output voltage can be calculated as
V,-(1-2-phy )-T?
C = 0 ( p eff ) (25)

° 16-L,, - AV,

4. Design of Phase-Shifted Full-Bridge Power Converter

This section discusses the design of power converters for photovoltaic systems. The
system component in the first part is the full bridge phase-shift ZVS converter that is connected to
the high frequency transformer and in the second part is the high frequency rectifier circuit by

parameters as shown in the table 1.

Table 1. Parameters of designed power converter

Items Value
Input voltage V, 48V
Input voltage range 30-60
Output voltage V, 400V
Output voltage ripple AV, 0.25%
Switching frequency, f 50 kHz
Maximum duty cycle 0.48

In order to reduce losses caused by transformer isolation, the ferrite core with low

saturation flux density is considered the magnetic core with the highest magnetic flux range B, of
0.2T. Area size for core A. of 1.5 cm?, determines the number of coils around the primary side of

the high frequency transformer as equation (26).

N =——n — x10° (26)

Determine the number of primary windings of the high frequency transformer 6 turns to
meet the output voltage requirements and support the voltage across the circuit element. The
secondary voltage of the high frequency transformer should be based on the ratio of the output

voltage with the maximum duty cycle value.
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Vv
V> 27)

max

The duty cycle value is defined as 4 8 %, and the secondary voltage of the high frequency

transformer equation is V, = Dy xV,,..The number of secondary windings of the high frequency

transformer can be calculated from the equation (28):

V.
N,=N, Vsec =84 Turns (28)

in

The inductor value used to filter the voltage is determined by the efficiency input voltage and

output voltage and the duty cycle performance value is given by [19]
V,—-V,)D

= (77 in o) eff (29)

Al T,

The ripple currentAl, for the inductor was set at 10 %, and the inductor used for filtering

voltage was 0.95 mH. The output filter capacitor was determined by selecting the ripple voltage
output AV, =0.25%

V,1-D
= 0( . eff) (30)
16 f,°CL, f,
The frequency of achieving the resonance of the ZVS switching between the energy stored in

the transformer leakage inductors and capacitor of the MOSFET devices for the four switches as
shown in the [20-22]:

f= _ 1 (31)
27L,C,
The leakage inductance is calculated from:
L, =4t*/z°C, (32)

5. Experimental Results
The full bridge power converter for photovoltaic systems has tested the operation of the

circuit, with the simulation in MATLAB Simulink. In the first part of the circuit will be full bridge
phase-shift ZVS converter by PWM switching signals S,- S, with the phase shift method to allow

the switch of the device to be in ZVS mode and also result in effective voltage control. In the second
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part, it is a high frequency rectifier circuit that converts AC - DC voltage with a diode device

D,- D, is presented in Figure 15.

1
0 !
0 0.01 0.02 0.03 0.04 0.05
1 —— [ — | E— | E—
sl 1 T [—5
0r S S — T —
0 0.01 0.02 0.03 0.04 0.05

0 0.01 0.02 0.03 0.04 0.05

54

0 0.01 0.02 0.03 0.04 0.05

Figure 15. Signal S-S, full bridge phase shift ZVS dc-dc power converter

PWM switching signals S, —S, with the phase shift method show a simplified circuit of a
phase shifted full bridge. The four switches work in a phase shift to control the range of circuits that
are connected to the primary side of the high frequency transformer. The duty cycle of the switch
signal is 48 %. The signal of the switch of S, and §S,is divided into half the work time. Similarly,

in S, and S, the performance of the phase shift signal is shown in the Fig. 15.

60 [ 9
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20 - ’ 8
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Figure 16. Primary voltage of full bridge phase shift ZVS dc-dc power converter
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Figure 17. Primary current of full bridge phase shift ZVS dc-dc power converter

This simulation results show the primary voltage and the primary current of the high

frequency transformer obtained from the full bridge phase shift ZVS dc-dc converter circuit. The
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PWM waveforms powered by the phase shift method of S-S, switches according to the

conditions described above will be presented in the Fig. 18.

500

-500

0.29 0.3 0.31 0.32 0.33 0.34 0.35 0.36

Figure 18. Secondary voltage of full bridge phase shift ZVS dc-dc power converter

| [

-10

0.29 0.3 0.31 0.32 0.33 0.34 0.35 0.36

Figure 19. Secondary current of full bridge phase shift ZVS dc-dc power converter
This simulation results show the secondary voltage and secondary current of the high
frequency transformer that has the output voltage control as designed as shown in the Figure 18

and 19

60

50

40

500
Vout

0.2 0.25 0.3 0.35 0.4 0.45

Figure 20. Simulation results of the input voltage when the state changes from full bridge phase

shift ZVS dc-dc power converter

Figure 20 shows that when the input voltage changes, the full bridge phase shift ZVS dc-dc
converter maintains the rated voltage of 45 V — 50 V, and the output voltage of the circuit full bridge
phase shift ZVS dc-dc converter is able to control 400 V.


https://doi.org/10.20944/preprints201906.0131.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2019 d0i:10.20944/preprints201906.0131.v1

16 of 17

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

200
100
0
-100
-200

I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Figure 21. Output voltage and current from the inverter circuit

Figure 21 is a simulation of the inverter circuit that receives electrical power from full
bridge phase shift ZVS dc-dc power converter, connected to a load of 1 kW. The inverter circuit will
convert the DC voltage to AC voltage in the sinusoidal signal at 220 Vac 50 Hz. The full bridge
phase shift ZVS converter was simulated in MATLAB/Simulink by PWM switching phase-shift

signals S,-S, of the full bride dc-dc converters. The phase shift feature allowed the switching

device to be the soft-switching that allowed zero voltage switching (ZVS) characteristics, which
reduced the size and weight of high frequency transformer. The conventional PWM converters
operated at high frequency and power system converters circuits which have an impact system on
the converter performance. The phase shift PWM allowed the operation of the device that reduces

loss, switching and stress switches for improving energy conversion efficiency.

6. Conclusions

The phase-shift ZVS full-bridge power converter operated under the zero-voltage switch
principle together with the control signal PWM in the phase-shift technique. The power converter
consists of a high frequency full-bridge power converter circuit to increase the DC voltage level at
the rated voltage of 40 V to 370 V, then converts the DC voltage to AC voltage via the grid-connected
inverter. The output voltage of the inverter circuit is equal to 220V ac. The simulation results showed
that when the input voltage changes the full-bridge phase-shift ZVS power converter at the rated
voltage of 45 V - 50 V, the output voltage of the full-bridge phase-shift ZVS power converter is able

to control the output voltage at constant 400 Voc.
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