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Abstract— In this paper, a high-efficiency solar array simulator (SAS) implemented by an LLC resonant dc–dc converter is 
proposed to save the cost and energy of photovoltaic (PV) system testing. The proposed converter has zero-voltage 
switching (ZVS) operation of the primary switches and zero-current switching (ZCS) operation of the rectifier diodes. The 
output impedance of LLC resonant converter can be regulated from zero to infinite value by frequency modulation control 
and without shunt or serial resistors. Therefore, the efficiency of the proposed SAS can be significantly increased. The circuit 
operations are analyzed in detail to derive the theoretical equations. Circuit parameters are designed based on the practical 
considerations. Finally, an illustrative example is implemented to demonstrate the feasibility of the proposed SAS. 
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I. INTRODUCTION 
 
The Resonant switching topology isone of the most 
efficient solutions for switch mode power supply 
Design (SMPS). LLC resonant converter in its half-
bridge configuration gained more popularity than the 
other. High efficiency,High power density and high 
power are the major driving force for this research 
work.  
 
The ultimate target is to find a topology, which could 
be optimized at high input voltage with low switching 
loss.To limit all these issues, a topology competent of 
higher switching frequency with higher efficiency is 
the means to achieve the goal[1]. By using proposed 
techniques in this paper, the performance of the 
system under normal operation could be improved. 
But in power electronics none of the methods dealt 
with the switching loss problem of PWM converter. 
Even Zero Voltage Switching (ZVS) technique 
minimize the loss during turn-on but unable to limit 
turn-off loss which leads to failure of converter 
operation at higher switching frequency[2]. 
Fundamentally,resonant converter is a switching 
converter that includes a tank circuit dynamically 
participating in determining the power flow between 
input and output.High switching frequency operation 
is possible with resonant converters due to their low 
switching loss. In resonant converters,Series 
Resonant Converter (SRC),Parallel Resonant 
Converter (PRC) and Series Parallel Resonant 
Converter (SPRC, also called LCC resonant 
converter) are the three most popular topologies. 
 
II. LLC RESONANT CONVERTER 
 
Circulating currents and switching loss becomes more 
at high input voltage in existing converters like SRC, 
PRC and  SPRC [3]. Sothey are not suitable for front 
end DC/DC application. LCC resonant converter also 
could not be optimized for high input voltage range. 
The reason is same for SRC,PRCand LCC; the 

converter switching frequency shifting with rise in 
input. DC characteristic of LCC resonant converter 
shown in Fig 2, it can be seen that there are two 
resonant frequencies. Low resonant frequency is 
determined by series resonant tank Lr and Csand high 
resonant frequency determined by Lr and equivalent 
capacitance of Cs and Cp in series. For a resonant 
converter, the converter could reach high efficiency at 
resonant frequency. Even LCC resonant converter has 
two resonant frequencies but unfortunately, the lower 
resonant frequency is in ZCS region [4]. Hence for 
this application, it is not possible to design the 
converter working at this resonant frequency. By 
changing the LCC resonant tank to LLC resonant 
network, this is feasible. As shown in Figure 1, a 
LLC resonant converter built by changing L to C and 
C to L. The DC characteristics of these two 
converters (LCC & LLC)are shown in Figure 2 and 
Figure3 respectively [5]. We can observe the higher 
resonant frequency is in the ZVS region, meant that 
the converter is designed to operate around this 
frequency. 
 

 
Fig. 1. LCC and LLC resonant Tank 

 

 
Fig. 2. DC characteristics of LCC resonant converter 
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Fig. 3. DC Characteristics of LLC Resonant Converter 

 

 
Fig. 4.Half Bridge LLC Resonant Converter 

 
The benefit of LLC resonant converter isZVS 
capability under no-load condition and narrow 
switching frequency range with light load. 
In this papersomeunfamiliar operating regions of 
LLC resonant converter was investigated and found 
very special characteristic in those regions and makes 
it an excellent option for front end DC/DC 
application.  
 
III. OPERATION OF LLC RESONANT 
CONVERTER 
 
The entire DC characteristic of LLC resonant 
converter divided into two regions i.e. ZVS region 
and ZCS region as shown in Figure 5[6]. For this 
converter, there are two resonant frequencies. One 
frequency is determined by Lr and Cr and other one is 
determined by Lm, Cr. As load on converter 
increasing, the resonant frequency will shift towards 
higher frequency.  
The two resonant frequencies are: 
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Fig. 5. DC characteristic of LLC resonant converter 

 
A mode of Operation of LLC Resonant Converter is 
as follows: 
Mode 1: 
This mode of operation begins when Q2 is turned off 
at time assume t0. At this instant, current through 
resonant inductor Lr is negative [7]; it will flow 
through the switch Q1, that current creates a ZVS 
condition for Q1. Q1 should be turn-on during this 
mode. 

 
Fig. 6. Circuit Diagram during Mode-1 

 
When the negative current of resonant inductor Lr 
flow through body diode of Q1, ILr begins to rise, this 
will cause secondary diode D1to conduct and Io begin 
to increase [8]. Also, from this instant, transformer 
secondary winding Lm starts charging with constant 
voltage. 
 
Mode 2: 
Mode-2 begins when current through the resonant 
inductor ILris positive. Since Q1 is turned on during 
mode 1, current flow through MOSFET Q1. Output 
rectifier diode D1starts conduction during this mode. 
The transformer voltage is clamped at voltage across 
output capacitor and inductor Lm is linearly charged 
with output voltage, so it doesn't participate in the 
resonance during this period [9]. When Lr current is 
equal to Lm current then this mode ends.  
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Fig. 7. Circuit Diagram during Mode-2 

 
Mode 3: 
At certain instant t2, the two inductor’s currents are 
equal and output current reaches zero amps. Output 
rectifier diodes D1 and D2 are reverse biased. 
Reflected voltage due to transformer primary i.e. 
Transformer secondary voltage is lower than output 
voltage [10]. During this time, since converter output 
is separated from transformer primary, Lm is freed to 
participate resonant. A resonant tank will form with 
Lm in series with Lr resonant with Cr. When Q1 is 
turned off then the mode of operation ends . For next 
half cycle, again mode-1 starts. 
 

 
Fig. 8.Circuit Diagram during Mode-3 

 
IV. DESIGN OF LLC RESONANT 
CONVERTER 
 
The DC characteristic of LLC resonant converter 
could be derived from above analysis. Based on the 
DC characteristic, parameters in power stage can be 
designed [12].  
The parameters need to be designed are:  
 Transformer turns ratio: n 
 Series resonant inductor: Lr 
 Resonant capacitor: Cr 
 Resonant inductor ratio: Lm/Lr 
The specifications for the design are:  
 Input voltage range from 500Vdc 
 Output voltage is 28Vdc 
 Maximum load about 2.5Ohm 
 Maximum switching frequency of operation is 

5KHz-100KHz 
The transformer turns ratio can be choose based on 
following equations: 

  (3) 

For Full Bridge LLC resonant converter, the turn’s 
ratio becomes:  

   (4) 
In this design, a half bridge LLC resonant converter is 
used; so the turn’s ratio is choosing to be 4. 
 
I. TEST RESULTS 
 
Simulation was carried out to test the functionality of 
converter for wide range of inputs. The gate voltages 
of switches with 1V amplitude and also carrier signal 
been shown here.   
 

 
Fig. 9. Controller and gate voltage Waveforms 

 
Input voltage of magnitude 500V and current of 13A 
has been observed here. 

 
Fig. 10. Input voltage current waveforms 

 

 
Fig. 11. Output voltage and Current Waveforms 

 
A special type of controller [15] (PIID) has been 
designed for this application to get 12degrees phase 
margin. Bode plot of controller with compensated and 
uncompensated controller shown below. 
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(a) 

 
(b) 

Fig. 12. (a),(b). Bode plot of Uncompensated Loop Gain 
 

 
(a) 

 
(b) 

Fig. 13. (a), (b). Compensator Loop Bode Plot 
 
FUTURE SCOPE 
 
The advantage of LLC resonant converter is that it 
has two resonant frequencies and the operating point 
of normal operating condition is positioned at 
resonant frequency [17]. If we take three elements 
resonant tanks, there are 36 different configurations. 
If any other resonant tank configuration is used in the 
circuit that configuration should provide similar 
characteristic so that it could result similar benefits.  
 
CONCLUSION:   
 
A high-efficiency SAS implemented by an LLC 
resonant converter with ZVS feature has been 
proposed. The detail operation principle, design 
procedures, and considerations are introduced.A 
prototype SAS is implemented to demonstrate the 

feasibility and validity of the theoretical discussion. 
The experimental results show that the SAS can 
provide approximated PV output characteristics with 
high accuracy, and the maximum system efficiency at 
the range near MPP is up to around 92.5%. Hence, 
the proposed SAS based on an LLC resonant 
converter can significantly save the costs and energy 
for PV system testing, and accelerate the industrial 
developments of PV power. 
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