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Abstract: The paper proposes the application of two modelling techniques for analysis of bidirectional CLLC resonant 
converters. The state-variable and cyclic-averaging techniques are applied for converters operating under two types of 
phase-shift modulation: single-phase-shift (SPS) and pulse-phase modulation (PPM). The converter is analysed 
considering forward and reverse power flow directions and a state-variable equation description is obtained for both 
modes. The models are first validated through simulation, comparing the state-variable and cyclic-averaging results to a 
Spice-based simulation. Additionally, a low power prototype is built, experimental results are presented and the 
influence of parasitic elements and system delays is discussed. Simulation and experimental results show the models can 
accurately represent the behaviour of CLLC converters for both types of phase-shift modulation. In addition, using the 
cyclic-averaging technique results in a considerably faster execution compared to state-variable and Spice-based models.  
 
1. Introduction 

The interest in electric vehicles (EVs) has been 
increasing especially due to environmental reasons, 
development of technology and government incentives, 
resulting in increased affordability.  The vehicle-to-grid 
(V2G) technology was introduced from concerns about 
possible grid overload and stability problems originating 
from a large EV population. Most battery chargers for EVs 
are unidirectional; however, a V2G system enables 
bidirectional power flow between grid and battery. 
Consequently, the battery may function as support to the 
grid at peak times, when the energy demand is high, 
contributing to grid stability and efficient use of energy. 
Typical bidirectional chargers for V2G consist of an AC-DC 
converter for power factor control and a DC-DC converter 
for output voltage and current regulation [1]. 

The Dual Active Bridge (DAB) is a widely used 
topology of bidirectional DC-DC converter for V2G 
applications [2–4]. Due to the DAB limitations such as large 
reactive current, limited voltage operating range and 
reduced efficiency, complex modulation techniques and 
control strategies [2, 5, 6] have to be adopted resulting in 
difficult implementation. Resonant variants of the DAB as 
the series-resonant DAB (SRDAB), LLC and CLLC 
converters were proposed to obtain improved operation.  

The SRDAB and DAB are compared in [7] and 
although the resonant topology presents better efficiency 
both topologies have weak performance for wide voltage 
range operation. The LLC converter is an improved 
topology for battery chargers with high efficiency, high 
power density and low electromagnetic interference (EMI)  
[8–11]. Due to loss of soft switching operation during 
reverse mode, the LLC topology is more suitable for  
unidirectional power transfer [12].  

 The CLLC converter, shown in Fig. 1, is a 4th order 
resonant topology that provides reduced switching losses, 
high efficiency and operation under wide voltage range. A 
considerable advantage of the CLLC converter is the easily 
achieved soft switching operation for forward and reverse 
modes under frequency modulation [13, 14]. 

Two modes of operation are possible for a 
bidirectional converter: in forward mode the power flows 

from the DC bus, to the battery, while in reverse mode the 
battery serves as a supply to the grid and the power flows 
from the battery to the DC bus. 

To date, most literature focuses on frequency 
modulated CLLC converters [1, 12, 15, 16]. However, for 
applications requiring fixed-frequency operation phase-shift 
modulation can be implemented as an alternative [13, 14, 
17]. 

This paper investigates a CLLC bidirectional 
converter operating under two types of phase-shift 
modulation: single phase-shift (SPS) and pulse-phase 
modulation (PPM). In this study two modelling techniques 
for time-domain analysis of the converter are applied: state-
variable and cyclic-averaging. A linear state-variable model 
using dq transformation for CLLC converters was proposed 
in [13]. Here, a simpler piecewise linear state-variable 
model is proposed and will serve as base for the 
implementation of the cyclic-averaging method.  

The cyclic-averaging technique was proposed in [18] 
as an accurate method of time-domain analysis for 
periodically switched systems. The steady–state values of 
the state-variables are obtained from analytical equations 
without the requirement for integration of the underlying 
differential equations. Therefore, steady-state prediction is 
obtained rapidly when compared with integration-based 
methods. Previously, cyclic-averaging has been used to 
analyse LLC converters [11] and LCC converters [19]. In  
[20], a simulation study was performed for CLLC converters 
operating under SPS modulation, here then, this is extended 
to apply cyclic-averaging analysis to 4th order CLLC 
converters operating under both types of phase-shift 
modulation, SPS and PPM, using experimental and 
simulation results for validation. 

 

 
 
Fig. 1 CLLC bidirectional resonant converter topology 
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The paper is structured as follows. In Section 2, the 
modulation techniques analysed in this paper will be 
explained. The state-variable model is presented in Section 3. 
The cyclic-averaging model is described in Section 4. 
Section 5 contains the converter design and analysis of 
simulation and experimental results. 

2. Phase-shift modulation technique 
Two cases of phase-shift modulation are considered 

in this paper for the CLLC converter analysis, the first and 
simpler method of phase-shift modulation is the Single 
Phase-Shift (SPS) [21–23]. In this configuration, shown in 
Fig. 2, the frequency is fixed, duty cycle is kept at 50% and 
a phase-shift (剛) is imposed between the output voltages of 
the two H-bridges 懸怠 and 懸態, shown in Fig. 1. The phase-
shift angle (伐ひどソ 判 剛 判 ひどソ岻 is used to control the output 
power and the power flow direction is determined by the 
sign of the angle between 懸怠 and 懸態, where positive values 
result in forward mode operation and negative values are 
used when operating in reverse mode. The maximum power 
transfer is reached at 90° for forward mode or -90° for 
reverse mode. 

One drawback of SPS modulation is the large 
reactive currents and conduction losses that occur under 
partial loading [14, 17], therefore, we also analyse CLLC 
converters behaviour when operating under Pulse-Phase 
modulation (PPM) [24, 25]. Note that PPM is also known as 
Triple Phase-Shift (TPS) modulation as in [13, 17].   

The typical waveforms for operation under PPM 
modulation are represented in Fig. 3, where 懸鎚怠┻戴 and 懸鎚怠┻替 
are the drain-source voltages of MOSFET switches S1.3 and 
S1.4 from Fig. 1. The frequency is still fixed and the output 
power can still be controlled by the angle between the two 
bridge voltages (剛). In addition, the duty cycles of bridge 1 
( 糠怠 ) and bridge 2 (糠態 ) are also control variables thus 
providing a greater fidelity of control and the ability to 
reduce reactive currents. The additional control angles 糠怠 
and 糠態 have a range from 0 to 180°. 

In most applications the angle 思 is fixed at ±90°, 
depending on the desired power flow direction, thereby 
maintaining unity power factor, and 糠怠 is kept equal to 糠態 
for a simpler control and higher efficiency.  
 
3. State-variable analysis 

To obtain the state-variable description the 
equivalent circuits obtained from the converter presented in 
Fig. 1 will be analysed for operation in forward and reverse 
modes. For this analysis, the circuit from Fig. 1 is divided 
into two sub-systems. The resonant network is considered 
the fast subsystem and the output filter, due to its slow 
response constitutes the slow sub-system, with these two 
sets of state-variable equations being connected by a 
coupling equation that represents the non-linear behaviour 
of the output bridge. 

The equivalent circuits for state-variable analysis in 
forward and reverse mode are presented in Fig. 4. 

For operation under SPS modulation the voltages 
generated by the two full-bridges are square waves 

represented as 懸怠  and 券懸態 , where n=軽怠 軽態斑  is the 

transformer’s turns ratio with 軽怠 and 軽態 being the number 
of turns on primary and secondary windings respectively.  

The bridge voltages considering SPS modulation are 
given based on battery and DC link voltage as in (1) and (2). 

 

 
 
Fig. 2 Bridge output voltages for SPS modulation, operating 
in reverse mode 
 

 
 
Fig. 3 Bridge output voltages for PPM modulation, 
operating in forward mode 
 

 
a 

 
b 

Fig. 4 Equivalent circuit for state-variable analysis 
(a) Forward mode, (b) Reverse mode 
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 懸怠岫建岻 噺 罰撃鳥頂 (1) 
   
 懸態岫建岻 噺 罰撃長銚痛 (2) 

 
As seen in Fig. 3, for PPM modulated converters a 

zero voltage level is added to 懸怠 and 懸態. 
For forward operation, the fast subsystem is referred 

to the primary while the slow is referred to the secondary. 
Using basic circuit analysis, the state-variable description 
for the fast subsystem in forward mode can be obtained: 

 穴件挑鎚怠穴建 噺 懸怠 伐 岫堅怠 髪 堅態嫗岻件挑鎚怠 伐 懸寵鎚怠 髪 堅態嫗件挑陳 伐 懸寵鎚態嫦 伐 券懸態詣鎚怠  (3) 

  穴懸寵鎚怠穴建 噺 件挑鎚怠系鎚怠  
(4) 

  穴件挑陳穴建 噺 堅態嫗件挑鎚怠 伐 岫堅挑陳 髪 堅態嫗岻件挑陳 髪 懸寵鎚態嫦 髪 券懸態詣陳  
(5) 

  穴懸寵鎚態嫦穴建 噺 件挑鎚怠 伐 件挑陳系鎚態嫦  
(6) 

 
The slow subsystem is described as: 
 

 穴懸寵捗穴建 噺 撃長銚痛 髪 堅長件長追沈鳥直勅 伐 懸寵捗系捗岫堅長 髪 堅寵捗岻  
(7) 

 
The coupling equation is obtained considering the 

operation of the active bridge on the output side: 
 

 件長追沈鳥直勅 噺 崔 券岫件挑鎚怠 伐 件挑陳岻 拳月結券 懸態岫建岻 伴 ど伐券岫件挑鎚怠 伐 件挑陳岻 拳月結券 懸態岫建岻 隼 どど 拳月結券 懸態岫建岻 噺 ど  
(8) 

 
The case of 懸態岫建岻 equal to zero only occurs for PPM 

modulation.  
Considering the opposite power flow direction, the 

state-variable description is obtained based on the equivalent 
circuit of Fig. 4b. Since the output is now on the primary 
side both fast and slow subsystems are referred to the 
primary. 

 穴件挑鎚怠穴建 噺 券懸態 伐 岫堅怠 髪 堅態嫗岻件挑鎚怠 伐 懸寵鎚怠 伐 堅態嫗件挑陳 伐 懸寵鎚態嫦 伐 懸怠詣鎚怠  (9) 

  穴懸寵鎚怠穴建 噺 件挑鎚怠系鎚怠  
(10) 

  穴件挑陳穴建 噺 券懸態 伐 堅態嫗件挑鎚怠 伐 岫堅挑陳 髪 堅態嫗岻件挑陳 伐 懸寵鎚態嫦詣陳  
(11) 

  穴懸寵鎚態嫦穴建 噺 件挑鎚怠 髪 件挑陳系鎚態嫦  
(12) 

 
The slow subsystem is described as: 

 
穴懸寵沈穴建 噺 撃鳥頂 髪 堅鳥頂件長追沈鳥直勅 伐 懸寵沈系沈岫堅鳥頂 髪 堅寵沈岻  (13) 

 

The coupling equation is given by: 
 

 件長追沈鳥直勅 噺 崔 件挑鎚怠 拳月結券 懸怠岫建岻 伴 ど伐件挑鎚怠 拳月結券 懸怠岫建岻 隼 どど 拳月結券 懸怠岫建岻 噺 ど  
(14) 

 
The case of 懸怠岫建岻 equal to zero only occurs for PPM 

modulation. 

4. Cyclic-averaging analysis 
Cyclic-averaging is a technique used to model 

periodically switching systems, as an alternative to state-
space averaging and traditional methods based on 
integration techniques. For switching power converters, the 
traditional steady-state condition does not exit owing to the 
constant switching nature of the system. Therefore, the 
notion of a cyclic-mode is used to represent the steady-state 
condition. A system is said to be operating in a cyclic-mode 
when the final condition of a cycle is equal to the initial 
condition for that cycle. Thus, cyclic-averaging is the 
average of state-variables over a cyclic-mode using the 
method proposed in [18]. 

The CLLC system presented in this paper is 
considered cyclic because the state-vector at the beginning 
and at the end of the switching period is equal, therefore: 

 
 捲岫建岻 噺 捲岫建 髪 兼劇岻 (15) 

 
where T is the period of the input voltage and m is an 

integer representing the number of cycles. 
Based on the switches states, a single cycle of 

operation can be divided into operation modes resulting in a 
set of piecewise linear equations. Each mode i has the 
following state-variable representation: 

 
 捲岌岫建岻 噺 畦沈捲岫建岻 髪 稽沈 (16) 

 
where 捲岫建岻  is the state vector, 畦沈  is the dynamic 

matrix and 稽沈 is the excitation term. 
Equation (16) can be solved analytically for each 

operation mode using the following equation:  
 捲岫建岻 噺 結凋日岫痛貸痛日貼迭岻捲岫建沈貸怠岻 髪 豹 結凋日岫痛貸邸岻稽沈穴酵痛

痛日貼迭  (17) 

 
Here, the circuit operates in each mode for a fixed 

period. The normalised time interval for each mode is given 
by a duty cycle 穴沈. If 劇 is the period of a cycle, the circuit 
operates in mode 件 for 穴沈劇 seconds. The following notation 
is used for every mode: 

 
 剛沈 噺 剛岫建沈┸ 建沈貸怠岻 噺 結畦件岫痛日伐建件伐な岻 噺 結凋日鳥日脹 (18) 
   

 
康沈 噺 豹 結凋日岫痛日貸邸岻稽沈穴酵痛日痛日貼迭  噺 岫結凋日鳥日脹 伐 荊岻畦沈貸怠稽沈, 畦沈 is invertible 

(19) 

 
Analytical solution of the system is possible but 

complex, especially for cases where 畦沈 is singular. 
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Here, the augmented state vector technique is used by 
combining dynamic and input matrices, as in equation (20), 
to obtain a simplified and rapid solution without the 
integration. 

 
 穴穴建 釆捲岫建岻な 挽 噺 峙畦沈 稽沈ど ど 峩 釆捲岫建岻な 挽 (20) 

 
or 

 穴穴建 捲賦岫建岻 噺 畦實沈捲賦岫建岻 (21) 

 
The solution for the ith mode is given by: 
 

 捲賦岫建沈岻 噺 結凋侮日鳥日脹捲賦岫建沈貸怠岻 噺 剛侮沈捲賦岫建沈貸怠岻 (22) 
 
Considering a system with m modes, the state vector 

for mode m, after the whole period is given by: 
 

 捲賦岫建陳岻 噺 剛侮陳剛侮陳貸怠 ┼ 剛侮怠捲賦岫建待岻 噺 剛侮痛墜痛捲賦岫建待岻 (23) 
 
where 捲賦岫建待岻 is the initial condition and:  
 

 剛侮沈 噺 峙剛沈 康沈ど な峩 噺 結凋侮日鳥日脹 (24) 

 
The periodic solution can be found assuming that 

after a complete cycle the state vector is equal to the initial 
state, as in (25). 

 
 捲賦椎勅追岫建待 髪 劇岻 噺 剛侮痛墜痛捲賦椎勅追岫建待岻 噺 捲賦椎勅追岫建待岻 

(25) 
  
 捲賦椎勅追岫建待岻 噺 釆捲椎勅追岫建待岻な 挽 

 
Using (24) to solve (25) gives: 
 

 捲椎勅追岫建待岻 噺 岫荊津 伐 剛痛墜痛岻貸怠康痛墜痛 (26) 
 
where  

 
 剛痛墜痛 噺 剛陳剛陳貸怠 ┼ 剛怠 

(27) 
  
 康痛墜痛 噺 岫剛陳剛陳貸怠 ┼ 剛態岻康怠 髪 岫剛陳剛陳貸怠 ┼ 剛戴岻康態 髪 橋 髪 剛陳康陳貸怠 髪 康陳 

 
Therefore, using equations (17), (22) and (27) the 

values for all state-variables can be calculated for any t 
during a cyclic mode. 

The average value definition given by (28) can be 
used to calculate the steady-state values of the state-
variables over a cycle. 

 
 捲銚塚直 噺 な劇 豹 捲椎勅追岫建岻穴建痛轍袋脹

痛轍  (28) 

 
Based on the cyclic description the following system 

is analysed: 
 

 班 捲岌岫建岻 噺 畦沈捲岫建岻 髪 稽沈検岌岫建岻 噺 捲岌銚塚直 噺 な劇 捲岫建岻 (29) 

The augmented vector technique is used again to 
obtain a simplified solution, as shown in (30).  

 
 穴穴建 崛 捲岫建岻な捲銚塚直岫建岻崑 噺 崛 畦沈 稽沈 どど ど ど荊 劇斑 ど ど崑 崛 捲岫建岻な捲銚塚直岫建岻崑 (30) 

 
Equation (30) can also be represented in a simplified 

form: 
 

 権岌岫建岻 噺 畦寞沈権岫建岻 (31) 
 
The averaged state-vector can then be obtained by 

calculating 権岫建待 髪 劇岻 based on the initial state vector 権岫建待岻. 
Given the initial state vector: 

 
 権岫建待岻 噺 煩捲椎勅追岫建待岻など 晩 (32) 

 
The averaged state vector is then calculated:  
 

 権岫建待 髪 劇岻 噺 剛楓陳剛楓陳貸怠 ┼ 剛楓怠権岫建待岻 噺 崛捲椎勅追岫建待岻な捲銚塚 崑 (33) 

 

where 剛楓沈 噺 結凋楓日鳥日脹. 
  

4.1. Cyclic-averaging analysis for SPS modulation 
 
In this section the cyclic analysis will be shown for 

forward operation, the same methodology is also applied to 
the reverse operation. 

The state-space description for the forward mode 
previously obtained from equations (3)-(7) is used as a base 
for application of the cyclic method. The set of equations 
can be represented in matrix form as: 

 
 穴穴建 琴欽欽

欽欣 件挑鎚怠懸寵鎚怠件挑陳懸寵鎚態嫦懸寵捗 筋禽禽
禽禁 噺 畦 琴欽欽

欽欣 件挑鎚怠懸寵鎚怠件挑陳懸寵鎚態嫦懸寵捗 筋禽禽
禽禁 髪 稽 (34) 

 
where: 

 

A噺
琴欽欽
欽欽欽
欽欽欽
欽欽欣伐 岫堅怠 髪 堅態嫗岻詣鎚怠 伐 な詣鎚怠 堅寵態嫗詣鎚怠 伐 な詣鎚怠 どな系鎚怠 ど ど ど ど堅寵態嫗詣陳 ど 伐 岫堅挑陳 髪 堅寵態嫗岻詣陳 な詣陳 どな系鎚態旺 ど 伐 な系鎚態旺 ど どど ど ど ど 伐 な系捗岫堅長 髪 堅寵捗岻筋禽禽

禽禽禽
禽禽禽
禽禽禁
 

and 
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稽 噺
琴欽欽
欽欽欽
欽欽欣
岫懸怠岫建岻 伐 券懸態岫建岻岻詣鎚怠ど券懸態岫建岻詣陳ど撃長銚痛 髪 堅長件長追沈鳥直勅系捗岫堅長 髪 堅寵捗岻 筋禽禽

禽禽禽
禽禽禁
 

 
The state-variable system depends on the state of 

voltages 懸怠岫建岻 and 懸態岫建岻. For a converter operating under 
SPS modulation there are two possible states for each 
voltage, leading to four operation modes. The periodic 
behaviour of the bridge voltages 懸怠  and 懸態  for forward 
operation is shown in Fig. 5, where the four modes can be 
identified for a cycle. When operating in forward mode the 
right bridge (懸態) leads and the power flows from the DC bus 
to the battery. 

The beginning of the cycle is considered when the 
right bridge voltage 懸態  becomes positive. The state of the 
bridges voltages and the output current for the four modes 
are described in Table 1. 

Based on each mode description, the substitution of 
the values on equation (34) will determine the dynamic 
matrices 畦沈 and input matrices 稽沈, where 件 噺 な┸ に┸ ぬ┸ ね. 

In SPS modulation the frequency is fixed and the 
phase-shift between the output voltage of the two bridges is 
a known angle between 0 and 90 degrees. Therefore, the 
duration of each mode is fixed and can be calculated based 
on the period value and phase-shift angle. The duty cycle for 
the first mode is then determined as follows: 

 
 穴怠 噺 鶏鯨ぬはど (35) 

The remaining duty cycles are calculated based on 
the waveform’s symmetry: 穴態 噺 ど┻の 伐 穴怠 , 穴戴 噺 穴怠  and 穴替 噺 穴態. 

Once the state-space description and mode durations 
are obtained, the cyclic technique is used to model the 
converter. 

From (26), (32) and (33) the steady-state average 
values of the state-variables are calculated and, to verify the 
model over a cycle, the equations (22) and (26) are used for 
calculation of the values of the state-variables at the 
beginning of each mode (at times 建待, 建怠, 建態 and 建戴 in Fig. 5). 

 
4.2. Cyclic-averaging analysis for PPM modulation 

 
For converters operating under PPM modulation the 

state-variable description from sections 3.1 and 3.2 and 
matrix representation from equation (34) remain the same. 
The difference from the previous case is the modes 
description, now a cycle is divided in eight modes. 
Considering 糠怠 噺 糠態 噺 糠 , the modes configuration also 
changes depending on the 糠  range. For this analysis the 
angle 剛  is considered fixed at ±90° depending on power 
flow direction. 

The operation in forward mode where ひどソ 判 糠 判なぱどソ is presented in Fig. 6. Considering the beginning of a 

cycle when 懸態  becomes positive, the modes description is 
presented in Table 2. 

 

 
Fig. 5 Typical bridge voltage sequence for SPS operation, 
forward operation 
 
 
Table 1 Modes description for SPS modulation case in 
forward operation 

Mode 懸怠 懸態 件長追沈鳥直勅 
M1 伐撃鳥頂 撃長銚痛 券岫件挑鎚怠 伐 件挑陳岻 
M2 撃鳥頂 撃長銚痛 券岫件挑鎚怠 伐 件挑陳岻 
M3 撃鳥頂 伐撃長銚痛 伐券岫件挑鎚怠 伐 件挑陳岻 
M4 伐撃鳥頂 伐撃長銚痛 伐券岫件挑鎚怠 伐 件挑陳岻 
 
 

 
 
Fig. 6  Typical bridge voltage sequence for PPM operation 
and ひどソ 判 糠 判 なぱどソ, forward operation 
 
 
Table 2 Modes description for PPM modulation when ひどソ 判 糠 判 なぱどソ, forward operation 

Mode 懸怠 懸態 件長追沈鳥直勅 
M1 伐撃鳥頂 撃長銚痛 券岫件挑鎚怠 伐 件挑陳岻 
M2 ど 撃長銚痛 券岫件挑鎚怠 伐 件挑陳岻 
M3 撃鳥頂 撃長銚痛 券岫件挑鎚怠 伐 件挑陳岻 
M4 撃鳥頂 ど ど 
M5 撃鳥頂 伐撃長銚痛 伐券岫件挑鎚怠 伐 件挑陳岻 
M6 0 伐撃長銚痛 伐券岫件挑鎚怠 伐 件挑陳岻 
M7 伐撃鳥頂 伐撃長銚痛 伐券岫件挑鎚怠 伐 件挑陳岻 
M8 伐撃鳥頂 0 ど 
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Since the frequency and phase-shift angles 剛 and 糠 
are known, the duties are calculated as follows. 
 穴怠 噺 伐ひど 髪 糠ぬはど 噺 穴戴 噺 穴泰 噺 穴胎 

 (36) 
  
 穴態 噺 なぱど 伐 糠ぬはど 噺 穴替 噺 穴滞 噺 穴腿 

 
Considering now 糠 判 ひどソ  and forward mode 

operation, the new configuration of bridge voltages is shown 
in Fig. 7. 

For this case the description of the eight modes is 
presented in Table 3. 

The duties are calculated as in (37). 
 穴怠 噺 糠ぬはど 噺 穴戴 噺 穴泰 噺 穴胎 

 (37) 
  
 穴態 噺 ひど 伐 糠ぬはど 噺 穴替 噺 穴滞 噺 穴腿 

 
When 糠 噺 ひどソ  the operation is reduced to 4 modes. 

Both models presented for PPM operation can be used for 
this case since, according to the duties calculations in 
equations (36) and (37), the duration of the four modes that 
are eliminated during 90° operation will be equal to zero. 

Similar to the SPS modulation case, the state-
variables average values can be calculated using the cyclic 
modelling equations. 

5. Experimental and simulation validation 
To verify the models proposed, a converter was 

designed based on a methodology proposed in [14]. The 
state-variable and cyclic models described in sections 3 and 
4 were simulated in Simulink and MATLAB, with 
validation of the results being done against a nearly ideal 
component-based Spice simulation.   

After simulation validation, a prototype was built and 
experimental results are also verified against Spice 
simulation. The Spice model to experimental validation is 
modified to include practical values of resistances and 
inductances. 
 
5.1. Converter design 
 

A 110W, 48-12V, CLLC converter is designed to 
operate at 100 kHz. The DC voltage conversion ratio is 
defined in equation (38). The value of DC ratio does not 
affect significantly the operation of converters under PPM 
modulation; however,  a conversion ratio close to 1 results 
in considerably higher efficiency and smaller bridge currents 
for SPS modulated converters, especially for low-power 
applications [14]. Therefore, the chosen turns ratio 券 is 4. 

 
 経系追銚痛沈墜 噺 券 撃鎚勅頂撃椎追沈 噺 券 撃長銚痛撃鳥頂  (38) 

 
where 券 is the transformer turns ratio. 
The resonant network is tuned to the switching 

frequency as in (39). 

 
 
Fig. 7  Typical bridge voltage sequence for PPM operation 
and 糠 判 ひどソ, forward operation 
 
Table 3 Modes description for PPM modulation when 糠 判ひどソ, forward operation 

Mode 懸怠 懸態 件長追沈鳥直勅 
M1 ど 撃長銚痛 券岫件挑鎚怠 伐 件挑陳岻 
M2 ど ど ど 
M3 撃鳥頂 ど ど 
M4 ど ど ど 
M5 ど 伐撃長銚痛 伐券岫件挑鎚怠 伐 件挑陳岻 
M6 0 ど ど 
M7 伐撃鳥頂 ど ど 
M8 ど 0 ど 

 

 
 降追態 噺 な岫詣鎚怠 髪 詣陳岻系鎚怠 噺 券態詣陳系鎚態 噺 岫に講血鎚岻態 (39) 

 
As a result, a base reactance value 隙津 can be defined: 
 

 隙津 噺 隙寵鎚怠 伐 隙挑鎚怠 噺 隙挑陳 噺 券態隙寵鎚態 
(40) 

 
A general output power expression power is obtained 

based on the modulation angles, as shown in (41), 
considering the most significant part of the power is 
transferred at fundamental frequency. 

 
 鶏墜通痛 噺 ぱ券撃鳥頂撃長銚痛講態隙津 嫌件券岫剛岻 嫌件券 岾糠怠に 峇 嫌件券 岾糠態に 峇 (41) 

  
The modulation angles 剛, ゎ怠 and ゎ態 were defined in 

section 2. For the SPS modulation case the values of ゎ怠 and ゎ態 are fixed at 180ソ. The maximum output power can be 
calculated considering the maximum modulation 
angles 剛陳銚掴 噺 ひどソ┸ 糠怠┸陳銚掴 噺 糠態┸陳銚掴 噺 なぱどソ, resulting in: 

 
 鶏墜通痛 噺 ぱ券撃鳥頂撃長銚痛講態隙津  (42) 

 
The parameters obtained from this design procedure 

are listed on Table 4. 
 

5.2. Simulation results and model validation for SPS 
modulation 
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Table 4 Parameters values for CLLC converter 
Parameter Value 撃鳥頂 48 V 撃長銚痛 12 V 系捗, 系沈 300 µF 詣鎚怠 54.04 µH 系鎚怠 31.24 nF 詣陳 27.02 µH 系鎚態 1.5 µF 

 
The converter was simulated based on the design 

developed in section 5.1 considering forward and reverse 
operations. The converter is simulated for phase-shift angles 岫剛岻 from 10ソ to 90ソ in ten degrees steps. 

The resistance associated to the filter capacitor is 
neglected and consequently the output voltage is given by 
the output filter capacitor voltage, 懸寵捗 for forward mode and 懸寵沈  for reverse mode. Based on the value obtained for 
average output voltage and the equivalent circuits, the 
average output current and power can be calculated from (43) 
for forward operation and (44) for reverse operation: 

 荊墜通痛 噺 塚頓肉┸尼寧虹貸蝶弐尼禰追弐 ,  鶏墜通痛 噺 撃長銚痛荊墜通痛 髪 堅長荊墜通痛態 (43) 

  荊墜通痛 噺 塚頓日┸尼寧虹貸蝶匂迩追匂迩  , 鶏墜通痛 噺 撃鳥頂荊墜通痛 髪 堅鳥頂荊墜通痛態 (44) 

 
where 堅長  and 堅鳥頂  are small value resistors in series 

with the voltage sources. 
The average values of output current are measured 

for both models and compared to results from a LTspice 
simulation. Results for forward operation are shown in Fig. 
8 and reverse operation in Fig. 9. 

From figures 8 and 9 it can be noticed that both state-
variable and cyclic-averaging models are accurate compared 
to Spice. For some points the LTspice result is slightly 
different, mainly due to the difference in precision used for 
the average voltage calculation in MATLAB/Simulink 
simulations (4 decimal places) and LTspice simulations (3 
decimal places). 

To verify the accuracy of the models during a whole 
cycle, the state-variables values on steady-state were 
checked at the beginning of each mode, points 建待, 建怠, 建態 and 建戴 from Fig. 5. In Tables 5 and 6 the results obtained at point 建待 are shown. 

The results obtained for the two proposed models are 
similar to the Spice results. Part of the error is a result of the 
difficulty to measure the current and voltage values for the 
LTspice and state-variable models at the exact point in time 
when each mode starts. 

In Table 7 the average execution time for the three 
models is compared. The results obtained by cyclic-
averaging method are directly steady-state while state-
variable and Spice models need to be simulated until steady-
state is reached, around 7ms. Therefore, for comparison both 
state-variable and spice models have a simulation time of 
8ms with 10ns step size. The execution time when using 
cyclic-averaging technique is reduced compared to state-
variable and Spice models. 

 
 
Fig. 8 Simulation results for SPS modulation, forward 
operation 

 
 
Fig. 9 Simulation results for SPS modulation, reverse 
operation 
 
Table 5: Variables at 建待 for 90° phase-shift - Forward mode 

 Cyclic-
averaging 

State-
variable 

LTspice 件挑鎚怠 -3.094 A -3.097 A -3.136 A 懸寵鎚怠 -3.782 V -3.967 V -3.880 V 件挑陳 -4.566 A -4.567 A -4.597 A 懸寵鎚態 -15.543 V -15.510 V -15.536 V 
 
Table 6: Variables at 建待 for 90° phase-shift - Reverse mode 

 Cyclic-
averaging 

State-
variable 

LTspice 件挑鎚怠 0.490 A 0.506 A 0.490 A 懸寵鎚怠 -186.622 V -186.500 V -184.696 V 件挑陳 -3.582 A -3.573 A -3.591 A 懸寵鎚態 -0.935 V -0.987 V -0.916 V 
 
Table 7: Comparison of execution time of proposed models 
for SPS modulation 

 Cyclic-
averaging 

State-
variable 

LTspice 

Execution 
time (s) 

0.005 44.790 25.790 
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5.3. Simulation results and model validation for PPM 
modulation 

 
The same simulation analysis made for SPS 

modulation is repeated for the PPM modulation case. In the 
PPM case the angle between the bridges is fixed and the 
output power will be controlled using the phase-shift angle 
between the bridge legs, 糠. For this analysis the phase-shift 
angle 糠  is normalized according to equation (45). Results 
for forward and reverse operation are presented in Fig. 10 
and 11.  

 
 糠追銚痛沈墜 噺 糠なぱどソ (45) 

As for the SPS modulation case, it was observed that 
both cyclic-averaging and state-variable models are accurate 
when compared to the Spice model 

The values of state-variables are compared between 
the three models and the results obtained along the cycle are 
similar, showing the accuracy of the models proposed. In 
Tables 8 and 9 the variables values at the start of a cycle are 
presented for the three models. Similarly to the SPS case, 
there is a small error associated to getting the measurement 
exactly when each mode starts. 

 
 
Fig. 10 Simulation results for PPM modulation, forward 
operation 

 
 
Fig. 11 Simulation results for PPM modulation, reverse 
operation 

The averaged execution times of the models are 
compared in Table 10. The cyclic-averaging is still the 
model with the most reduced execution time. Due to the four 
additional modes on PPM modulation, the simulations of 
cyclic-averaging and state-variable models are more 
complex, therefore the execution time is increased compared 
to the SPS modulation case. The simulation time and step 
size used for the SPS and PPM case are the same. 

For both SPS and PPM modulations cases it was 
observed that, similar to the output current, the maximum 
output power is achieved for maximum modulation angles 
and it decreases with the reduction of the phase-shift angles. 
 
5.4. Prototype results 

 
After the validation by simulation, a prototype was 

built and simulation and practical results are compared. The 
difference between designed and practical values is shown 
in Table 11. The voltage and frequency are still kept at 48-
12V and 100 kHz.  

For the tests, a 0-60V power supply is used as input. 
Since the aim of this study is to verify the model of the 
converter, a resistor, which is simpler to model, is used in 
the place of the output battery. This way it is not necessary 
to develop an accurate simulation model for the battery in 
order to compare simulation and experimental results. The 
values of resistors are chosen as the equivalent to reproduce 
a test with an output battery under maximum modulation. 

 
Table 8: Variables at the start of mode 1 for 糠追銚痛沈墜 噺 ど┻ばの 
in forward mode 

 Cyclic-
averaging 

State-
variable 

Ltspice 件挑鎚怠 -1.537 A -1.529 A -1.552 A 懸寵鎚怠 -156.991 V -156.900 V -158.284 V 件挑陳 -4.1341 A -4.128 A -4.146 A 懸寵鎚態 -5.411 V -5.392 V -5.421 V 
 
Table 9: Variables at the start of mode 1 for 糠追銚痛沈墜 噺 ど┻にの 
in forward mode 

 Cyclic-
averaging 

State-
variable 

Ltspice 件挑鎚怠 0.254 A 0.258 A 0.256 A 懸寵鎚怠 -60.695 V -60.63 V -60.934 V 件挑陳 -0.080 A -0.071 A -0.076 A 懸寵鎚態 2.830 V 2.851 V 2.834 V 
 
Table 10: Comparison of execution time of proposed 
models for PPM modulation 

 Cyclic-
averaging 

State-
variable 

Ltspice 

Execution 
time (s) 

0.008 61.904 23.641 

 
Table 11: Designed and practical values for CLLC 
prototype 

Parameter Practical values Theoretical values 詣鎚怠 51.844 µH 54.04 µH 系鎚怠 28.408 nF 31.24 nF 詣陳 32.089 µH 27.02 µH 系鎚態 1.355 µF 1.5 µF 券 3.998 4 
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The cyclic-analysis was modified to consider the load 
resistors R脱誰嘆 and R嘆奪旦 at the output. The output current and 
power are now calculated using the averaged output filter 
voltage obtained from the cyclic-averaging method, as in 
(45) for forward operation and (46) for reverse operation. 

 荊墜通痛 噺 塚頓肉┸尼寧虹眺肉任認 ,  鶏墜通痛 噺 迎捗墜追荊墜通痛態 (45) 

  荊墜通痛 噺 塚頓日┸尼寧虹眺認賑寧  , 鶏墜通痛 噺 迎追勅塚荊墜通痛態 (46) 

 
where 懸寵捗┸銚塚直 and 懸寵沈┸銚塚直 are obtained from the application 
of (30)-(33) to the cyclic-averaging model. 

In SPS modulated converters, the output voltage and 
current of the converter are controlled by the phase-shift 
angle between primary and secondary bridges (剛), while the 
power flow direction is controlled by the sign of angle 剛. 
When testing a PPM modulated converter, 剛   is kept at 罰ひどソ  and used only to control power flow direction, the 
output voltage and current is regulated using the phase-shift 
angles between the legs of each bridge (糠). Similar to the 
simulation analysis, here the prototype was tested in open 
loop in order to verify a wide range of the phase-shift angles 糠 and 剛 and their influence on the converter’s output. 

At simulation stage the Spice, cyclic-averaging and 
state-variable models were simulated in nearly ideal 
conditions. For comparison with the experimental set-up, the 
Spice simulation is modified to include the measured values 
of turns ratio, transformer leakage inductance, resistances of 
switches, and the non-ideal model of capacitors and 
inductors including parasitic elements, as shown in Figure 
12. The components practical values were measured using 
the Bode 100 Vector Network Analyser. The cyclic-
averaging model is simulated based on the equivalent circuit 
from Figure 4, therefore only the series resistances, 
inductances and capacitances are considered. The 
transformer leakage inductance, parallel resistances and 
parallel capacitances are neglected at first to avoid 
modifications in the equation description and increased 
system complexity. 

Since the cyclic-averaging model is derived from 
state-variable description, both methods have very similar 
accuracy but the use of cyclic method results in a fast 
steady-state analysis. Therefore, experimental results are 
compared to Spice and cyclic-averaging model simulations. 
The results for forward and reverse operation are shown in 
Fig. 13 and 14. Both models can successfully predict the 
behaviour of the converter for variations of phase-shift angle 
and alpha ratio. However, the cyclic-averaging is not as 
accurate as the Spice simulation due to the simplifications 
adopted.  

For the implementation of the cyclic-averaging 
method, the influence of system delays must be considered 
and incorporated into the duty cycle values calculations, 
since these delays can cause variations on the phase-shift 
angles initially implemented. From experimental validation 
of a converter operating under SPS modulation, it was 
observed that implementation of small values of phase-shift 
are subject to reduced precision from the microcontroller 
and higher influence of delays, contributing to increased 
errors between simulation and prototype results.  

The phase-shift angle 剛  between the primary and 
secondary bridges is measured for different SPS modulation 
cases, between 10 and 30 degrees, and an average difference 
of 3.24ソ is obtained between the set and measured phase-
shift angle. Therefore, the duty cycle equations for the 
cyclic-averaging method and Spice simulations are modified 
to take into consideration this angle offset. Explicit 
modelling of the deadtime was not considered here since 
this would result in a significantly more complex analysis, 
with the modification and addition of new operation modes 
to the cyclic analysis. 

 
a 
 

 
b 
 

Fig. 12 Non-ideal equivalent circuit 
(a) Inductor  (b) Capacitor 
 

 
a 
 

 
b 

 
Fig. 13 Comparison between Spice, cyclic-averaging and 
experimental results in forward mode, 迎墜通痛 噺 な┻のツ 
(a) SPS modulation (b) PPM modulation 
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a 
 

 
b 
 

Fig. 14 Comparison between Spice, cyclic-averaging and 
experimental results in reverse mode, 迎墜通痛 噺 ににツ 
(a) SPS modulation (b) PPM modulation 
 

According to the soft switching analysis of the phase-
shift modulated CLLC converter performed in [17], when 
using PPM modulation soft switching is only achieved for 糠 噺 なぱどソ. The output current of the secondary bridge is 
negative when the bridge voltage transitions from negative 
to positive, resulting in Zero-Voltage Switching (ZVS) 
operation, while the primary bridge is near Zero-Current 
Switching (ZCS). As 糠 decreases, ZVS and ZCS no longer 
occur. For SPS modulated converters, the increase of 
voltage mismatch between primary and secondary results in 
high circulation current, hard switching operation and large 
current spikes, therefore, soft switching is obtained when the 
ratio between primary and secondary voltages is close to 
unity. For the investigations performed and all modulation 
cases analysed, the voltage gain of the resonant tank circuit 
is closest to unity at maximum modulation and decreases as 
the phase-shift angles decrease, as shown in Fig. 15 for a 
PPM modulated converter operating in forward mode. 

For a converter operating under PPM modulation, 
results were not significantly affected by voltage mismatch 
and delays, even when testing small values of ゎ嘆叩担辿誰. 

The prototype was not designed and optimized to 
achieve maximum efficiency, therefore, the circuit’s loss 
elements may significantly influence the results and must be 

incorporated into the models. To further improve the 
accuracy of the cyclic method without changing the 
equation description, the non-ideal inductor circuit from Fig. 
12-a can be reduced to an equivalent inductive reactance in 
series with a resistor and the leakage inductance of the 
transformer is incorporated to the reactance value of the 
secondary capacitor. This way, all parasitic elements 
considered in the Spice simulation are also incorporated to 
the cyclic method improving the comparison between the 
models. 

The results using the optimized cyclic and Spice 
models are shown in Fig. 16 and 17. It is observed that the 
accuracy of the cyclic-averaging model was improved, and 
results are very close to Spice for both modulation methods.  

Considering operation in forward mode at maximum 
modulation (剛 噺 90ソ and 糠追銚痛沈墜 噺 1), a difference of 150 
mA (2.21%) is measured between Spice and prototype 
results of output current, while a 200 mA (12.9%) difference 
is measured for reverse mode. 

The simulation results for the SPS modulation test 
case are now closer to experimental also due to the phase-
shift angle compensation implemented. No significant 
difference is observed for the PPM modulation case. 

As previously observed in the simulation analysis, 
the values of output current, and consequently output power, 
are maximum for maximum modulation angles and decrease 
as the phase-shift angles decrease. Therefore, the 
modulation angles 糠 and 剛 can be used as control variables 
to regulate the converter. 

 
 

Fig. 15 Voltage gain for PPM modulated converter in 
forward mode. 
 

 
a 
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b 

 
Fig. 16 Comparison between Spice, cyclic-averaging and 
experimental results, optimized models in forward mode, 迎墜通痛 噺 な┻のツ 
(a) SPS modulation (b) PPM modulation 
 

 
a 
 

 
b 

 
Fig. 17 Comparison between Spice, cyclic-averaging and 
experimental results, optimized models in reverse mode, 迎墜通痛 噺 ににツ 
(a) SPS modulation (b) PPM modulation 

 

Even with the delay compensation implemented and 
addition of parasitic elements to the models, errors between 

simulation and practical results are lower for the PPM 
modulation case, due to the increased sensitivity to delays 
and parasitic elements in the resonant tank when operating 
under SPS modulation and the difficulty to accurately 
incorporate the system’s delays to the simulation models 

Still, it is important to note that other loss elements in 
the circuit, as wire resistances and inductances, are not 
included in simulation models, contributing to errors.  

To analyse the influence of increased resistances on 
simulations, considering the maximum modulation case, an 
addition of 100mΩ on the primary side would result in a 
decrease of output current of 0.53% (36.1mA) for forward 
mode and 0.15% (2.3mA) for reverse mode. 

Introducing 100mΩ on the secondary, which is the 
high current side, would result in a change in output current 
of 0.91% (61.5mA) for forward mode and 5.55% (85.9 mA) 
for reverse mode. Therefore, reverse mode results, which 
have low current output, are more significantly affected by 
additional resistances in the secondary side, also high 
current side, of the resonant tank.  

Overall, the cyclic-averaging method resulted in an 
accurate analysis, with the advantage of having significantly 
reduced execution time compared to more traditional 
methods as Spice and state-variable. Here, the method was 
applied to evaluate the influence of the phase-shift 
modulation angles on the converter’s behaviour. The cyclic-
averaging method can also be used to perform a fast steady-
state analysis of the converter during the design and control 
processes, where the components voltage/current stress and 
influence of the circuit parameters can be accurately 
evaluated. 

6. Conclusions 
In this paper state-variable and cyclic-averaging 

models were proposed to describe the operation of a 
bidirectional resonant CLLC converter. The converter is 
considered operating under two types of phase-shift 
modulation: single phase-shift and pulse-phase modulation. 
The models were developed and simulation results were 
verified against a Spice simulation, showing that both 
models can be used to accurately predict the behaviour of 
the CLLC converter under both types of modulation for an 
ideal design. Furthermore, it was confirmed that the use of 
cyclic-averaging techniques results in a rapid analysis, with 
the lowest execution time between the models tested. 
Experimental results showed reduced error in comparison to 
both Spice and cyclic-averaging results. Therefore, both 
models could adequately predict the behaviour of the 
converter operating under SPS and PPM modulation. It was 
also observed that converters operating under SPS 
modulation are more sensitive to delays in the system, and 
performance deteriorates when testing small phase-shift 
angles. To reduce errors and improve the system operation, 
further changes could be done to the system with the 
addition of iron losses of transformer and wire resistances 
and inductances to the Spice and cyclic-averaging models, 
considering a trade-off between accuracy and complexity of 
the resulting system.  
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