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Abstract
In this paper a digital controller for improved voltage
regulation of higher order DC-DC resonant converter with
zero-voltage switching over an entire load range is proposed.
The controller uses duty cycle and frequency both as control
variables. The weakness of resonant converter is that the
operation under conventional frequency control requires a
wide range of frequency from rated load to very light loads. A
control using duty cycle has a very limited control range and
achieving zero-voltage switching (ZVS) is very difficult at
light load. Therefore, a digital controller is proposed wherein
duty cycles as well as frequency are varied for regulating the
DC output voltage with respect to load. The proposed
controller provides excellent converter efficiency and
maintains soft switching over entire load range. The proposed
control is a programmable approach and applicable to any
converter tank with minimum modification in control
algorithm. Also the proposed approach is flexible as
frequency and duty cycle can be adjusted independently of
each other. The experimental results on a 3000W, 220V/400V
higher order LCLC resonant converter prototype are presented
to validate the functionality of the proposed approach.
Keywords: DC-DC higher order resonant converter;
Symmetrical; Soft switching; switching frequency; duty ratio

INTRODUCTION
With an increasing worldwide popularity of renewable energy
sources for sustainable energy systems, there is renewed focus
on the performance of power electronic interface between DC
energy sources like solar PV, wind etc. and DC grid [1–4].
Resonant converters are popularly employed as they have soft
switching feature and capability to operate at high switching
frequency with reduced components size. The comparison of
various control techniques for resonant converters was
discussed in [5]. Most of the control approaches were based
on conventional frequency control, duty cycle control, phase
shift control, variable inductor, but each control has its own
limitations and complexity [6–7]. The control techniques of
resonant converters to obtain soft switching without auxiliary
circuits have been discussed in [8-10]. However, they have
few prominent inadequacies, such as wide switching
frequency variations at fixed duty ratio which leads to more

conduction losses, high switching losses for regulating output
voltage and also lead to no optimum magnetic component
design. Due to such inadequacies, these converters are usually
employed for the applications where supply voltage and loads
do not vary in wide ranges. The phase control is yet another
strategy of resonant converters as discussed in [11-12].
However, it is very difficult and challenging to achieve soft
switching at any phase shift. Phase control which gives ZVS
against any phase shift is presented in [13]. However the
converters cannot work satisfactorily at very light loads which
limits its applications. The weak point of the resonant
converters is that it is very difficult to achieve soft switching
and high efficiency at very light load. Thus, the objective of
the proposed control is to design an effective control which
overcomes the two main problems associated with
conventional controls. The two profound problems associated
with the conventional control are ;(a) inferior performance at
very light load due to large frequency excursions from rated to
light load during conventional frequency control and, (b)
loosing of ZVS at light load currents during conventional duty
ratio control. To overcome above said limitations, a digital
controller is designed which can reduce frequency variations
so that the loss due to switching is lowered and converter
performance is improved. It can also maintain ZVS over
entire load range, and can be employed to any resonant tank
without much change in the control algorithm. The
mathematical modeling of the proposed control has been
discussed in section 2 of this article. In section 3, prototype
converter design, simulation results and experimental results
with proposed control has been discussed and conclusion is
presented in section 4.

MATHEMATICAL MODELING OF THE PROPOSED
DIGITAL CONTROL
The proposed digital control is discussed using higher order
tank circuit of Fig.1. The circuit model of the converter has
been illustrated in Fig. 2. The voltage gain M of the converter
using frequency control is computed by (1), where VAB is
inverter output square wave voltage and 𝑉O is the converter
output DC voltage.
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LS, CS, LP and CP form the series branch of resonant tank
circuit. CP’ is the capacitor on secondary side of transformer,
so leakage inductance of HF transformer is included in L1. ZP
is parallel combination of Rac and CP. Capacitance CP is
effective capacitance of CP’ on primary of HF transformer.
The Rac is equivalent of load, rectifier and filter capacitor. ZS
and ZPP are impedances of series branches of higher order
tank.
The total impedance of resonant tank is Zin and its angle, ϕ are
defined in terms of switching frequency, ωs in equations (6)
and (7).

Figure 1: MSPRC higher order tank circuit
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The quality factor of the converter, Q can be expressed as,
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Due to the reduction in load, output voltage rises, and
converter gain is to be lowered to maintain constant voltage at
DC terminals. The modified values of frequency fS’ and duty
cycle D’ are obtained by using (12) and (13) respectively in
terms of control voltage, vC. The control voltage vC is
proportional to changes in load voltage. If VOref and VO are
specified and actual load voltage respectively then control
voltage can be obtained using (11). The k’ is the scaling
factor.

(3)

(4)

(1 cos 2D)1/ 2 sin(t   )

The overall converter voltage gain, M can be modelled in
terms of operational frequency and duty cycle using (10),
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Considering steady state analysis, if D is duty ratio of
switches, voltage output of HF inverter, vAB(t) can be
expressed by (8) and its angle ψ is defined in terms of D using
(9) [16]-[17].

Figure 2: Circuit model of higher order tank
circuit
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The coefficient kf used in Eqn. 12 is derived based on
minimum and maximum values of frequency and changes in
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terminal voltage from rated current to no load current
(kf =Δf/Δv). Similarly, the coefficient kd is derived based on
minimum and maximum values of duty ratio and change in
load voltage from full load to no load (kd =ΔD/Δv). Both kf
and kd are set while designing the control. The coefficients kf
and kd are chosen such that the new switching frequency, fs’
and new duty ratio, D’ lie within the range. The current, iL1
through the tank circuit is also an important parameter to
achieve soft switching operation and can be expressed using
(14).
i L1 (t ) 

2 2V in

 Z in

(1  cos 2D)1 / 2 sin(t     )

(14)

For ZVS, iL1(t) should lag the inverter square wave voltage
vAB(t) at the tank, so angle ϕ must be more than angle ψ and
angle δ is required to be positive. This is verified and checked
by the control algorithm shown in flow chart of Fig. 4

     0

Figure 4: Flow chart of the proposed control

(15)

 

(16)
Using digital control algorithm, various angles are estimated
and plotted against control voltage as shown in Figure 3. The
figure illustrates that during this control, angle δ is greater
than zero over the full control range. The algorithm is
implemented using microcontroller TMS28335. The control
voltage, vC is given to the ADC port of the microcontroller.
The lower limit on new switching frequency is fmin = 105 kHz
and upper limit is fmax = 200 kHz, whereas the lower limit on
new duty cycle is dmin = 0.15 and upper limit is dmax = 0.48 in
the experimentation.

SIMULATION AND EXPERIMENTAL RESULTS
Table 1 shows specifications of the converter based on
selecting an operating point for optimum operation using
design curves. The design curves for higher order MSPRC are
discussed in [14-15].
The input output specifications of the converter is as follows,


Output voltage, Vo = 400V



Output power, Po = 3kW



Input voltage, Vin = 220V



Minimum switching frequency, fs = 100kHz



Maximum duty ratio, D = 0.5



Turns ratio of HF transformer, n = N1/N2 = 0.55

However, based on the design curves, the following optimum
values are selected in the design of the converter [14-15]: LS /
LP= 0.1, CS / CP = 0.1, CS/CP =10, Q = 2, Ys = 1, fs = 100 kHz,
HF transformer turns ratio, n = 220/400 = 0.55, a=0.1,
b=11.11
RL 
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Figure 3: Angle plot in terms of control voltage
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Table 1: Converter specifications
Supply voltage from RERs

220V

Voltage output

400V

Rated Power

3000W

Resonant frequency

100kHz

Series tank

LS=0.05135mH,
CS = 0.05432µ𝐹

Parallel tank

LP = 0.5135mH,
CP = 0.5432µ𝐹

Parallel branch capacitor

CP’=n2 CP =0.001643µ𝐹

Filter

200 µF

Figure 6: Operational Waveforms at Vin=200V
at fs=104kHz, D’=0.499

Experimental results
Simulation Results
The proposed control has been employed on a converter of
3000W, 220V/400V, and 100 kHz laboratory prototype. The
simulation results of the proposed control when tested on
MSPRC are shown in Table 2. The proposed digital control
can be used under varying input voltage without any
modification in control algorithm because when input voltage
changes, output voltage will also change. This change in
output voltage VO is sensed by voltage sensor to bring out
changes in pulse frequency and duty ratio using control digital
algorithm in order to maintain output voltage. When tested
and verified for different input voltages, following results are
obtained which shows that the digital control works well
under wide input voltage range i.e. 200V-250V. Fig. 5 reveals
that the ZVS is maintained when input voltage is 250V at a
switching frequency of 115 kHz and duty cycle of 46%. Fig. 6
shows that the ZVS is also maintained when input voltage is
200V at a switching frequency of 104 kHz and duty cycle of
49.9%.

The hardware setup of the laboratory prototype is shown in
Figure 7.

Table 2: Simulation results of proposed
control
Variables
Rated load 3/4th FL
Freq. (kHz)
106
111
(Freq. control)

Half load
124

1/10th FL 1/20th FL
333
395

Duty ratio
(Duty ratio
control)

0.48

0.46

0.43

0.26

0.16

Freq & duty
ratio
(Digital
control)

fS’=105
D’=0.49

fS’=112
D’=0.46

fS’=116
D’=0.438

fS’=146
D’=0.29

fS’=165
D’=0.26

Figure 7: Prototype converter tank

Figure 5: Operational Waveforms at Vin=250V at fs=115kHz,
D’=0.46

In case of resonant converter, the critical issue is to achieve
good performance at light load currents. Therefore,
experimentation is carried out from full load current to 1/20th
of rated load current using digital control. Fig. 8 illustrates
that inductor current; iL1 is lagging the voltage, vAB at rated
load of 3000W, which is the requisite for ZVS operation. The
corresponding frequency is 105 kHz and the duty ratio is 48%
to maintain desired output voltage of 400V at rated load.
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Figure 9 shows voltage and current through SW1 and
illustrates that switch is operated under ZVS. The same is true
for all other switches as well. Figure 10 is the operational
waveform at half load when load voltage is controlled at
renewed frequency of 116 kHz, D=0.44. Figure 11 indicates
that when converter is operating at 1/20th rated current,
resonant inductor current lags square wave voltage at an
operating frequency of 170 kHz and D=0.28.

Table 3 shows voltages and currents of all inductors and
capacitors. In order to maintain ZVS, angle δ should be
positive. Therefore angles ϕ, ψ, δ are estimated using
equations (7), (9), (15) for renewed frequency and renewed
duty cycle as shown in Table 4. Table 5 shows that efficiency
during proposed digital control is higher than that during
conventional frequency and duty cycle controls.

Table 3: Experimental results with proposed
control technique

Figure 8: Resonant tank input voltage and resonant
inductor current at rated current (100V/ division,
10A/ division)

Parameters
Switching frequency
(kHz)
Duty ratio
Load resistance(Ω)
IL1m (A)
IL2m (A)
VC1m (V)
VC2m (V)
Load current (A)
Efficiency (%)

FL
105

50% FL
116

10% FL
144.5

5% FL
170

0.48
53.33
21.9
0.185
613
61.9
7.46
97.6

0.44
106.6
10.77
0.0809
297.9
30.17
3.73
97.68

0.29
533.33
3.7
0.03027
64
7.12
0.74
91.519

0.28
1066.6
2.41
0.016
44
4.68
0.37
86.63

Table 4: Various angles during proposed digital
control
Figure 9: Switch Voltage and current at rated
current (100V/ division, 10A/ division, 2.5μs/Div)

Angles

fS’ & D’

1/2 rated load
1/4th rated load
1/10th rated load
1/20th rated load

ϕ

ψ

δ

fS’=116kHz, D’=0.44
fS’=131kHz, D’=0.381

11.51
29.59

7.2
19.80

4.3
9.8

fS’=144.5kHz, D’=0.29

57

38

20

fS’=170kHz, D’=0.28

85

41

43

Table 5: Efficiency comparison of digital control
with conventional controls
Figure 10: Resonant tank input voltage and
resonant inductor current at ½ load
(100V/Div,10A/Div,2.5μs/Div)

%FL

Conv. freq.
control

Conv. duty cycle
control

Digital
Control

97.6 %

97.58%

97.6 %

97 %

96.45%

98 %

96.1%

95.7%

97.68 %

1/10th Rated
load

82.94 %

92%

93.01 %

1/20th Rated
load

73.47 %

80%

86.63 %

Rated load
3/4th

Rated load

Half load

Figure 11: Resonant tank input voltage and
resonant inductor current at 1/20th full load current
(100V/Div,10A/Div,2.5μs/Div)

To study the dynamic performance using proposed digital
control, converter load is changed in step from light load to
rated load and also from rated to half load. The time response
indices such as settling time and peak overshoot are measured
during these step changes. Firstly, the converter load is
increased from 1/10th of full load to full load at instant t=0.
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The comparison of dynamic responses using classical
frequency control and proposed digital control is shown in
Fig.12 which indicates that settling time is Δt1=0.1 ms and
response peak was 410V i.e. percentage peak overshoot
%MP1= 2.5% with classical frequency control. But with digital
control the settling time is reduced to Δt2=0.05 ms and
response peak is reduced to 406V i.e. percentage peak
overshoot %MP2=1.5%.
Similarly, the converter load is decreased from full load to
50% full load at instant t=0. The comparison of dynamic
responses using classical frequency control and proposed
digital control is shown in Fig.13 which indicates that settling
time was Δt1=0.05ms and response peak is 405V i.e.
percentage peak overshoot %MP1= 1.25% with classical
frequency control. However, with digital controller the
settling time is reduced to Δt2=0.03 ms and response peak is
402.5V i.e. percentage peak overshoot %MP2=0.625%. It is
seen that settling time and peak overshoot are reduced
considerably. This signifies improvement in dynamic
performance when proposed controller is employed. The
reason is that the two control variables are used which can be
adjusted simultaneously using digital signal processor in
response to changes in load as well as with changing supply
voltage.

CONCLUSIONS
The above experimentation shows that the proposed digital
controller can regulate output voltage with zero-voltage
switching over an entire load range The output DC voltage is
maintained with only 170 kHz and 28% duty ratio at 1/20 th
full load current, whereas during conventional frequency
control it was found to be 395 kHz. This huge frequency
reduction alleviates switching losses, improves efficiency and
results in high power density. It is to be noted that, the
decrease in duty ratio reduces conduction losses and enhances
conversion efficiency. The proposed control can be employed
to other resonant tanks using the same control circuit. The
proposed control is symmetrical which reduces the possibility
of saturation of transformer core. It also regulates output DC
voltage with respect to changes in input DC voltage.
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