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 
Abstract—The high frequency LCLC resonant converter 

is one of the important parts of the two-stage power supply 
in the space travelling-wave tube amplifier (TWTA) 
application. Usually, the high frequency LCLC resonant 
converter utilizes open-loop control and simultaneously 
sets its switching frequency and duty cycle to the required 
values to guarantee low cost and high power efficiency. 
However, the required switching frequency and duty cycle 
are determined by the transformer parasitic parameters. 
Therefore, how to measure the real transformer parasitic 
parameters under the real working conditions precisely 
becomes very important to the high frequency LCLC 
resonant converter. The conventional way to measure the 
transformer parasitics is to employ an offline impedance 
analyzer. However, the transformer parasitics under real 
operating conditions may deviate from the offline 
measured results. The online measurement methods can 
obtain the real values when the high frequency LCLC 
resonant converter is working, but these online 
approaches also mean additional cost and complex 
implementation requirement. To solve the above problems, 
a sequential offline-online-offline (SO3) measurement 
method is proposed in this paper. With this SO3 
measurement approach, all the real transformer parasitics 
can be easily obtained in a low cost and simple 
implementation way, which combines the advantages of 
both traditional offline and online measurement methods 
while removing their corresponding shortcomings. The 
proposed method is validated by the experiments. 

Index Terms—LCLC resonant converter, measurement 
method, sequential offline-online-offline (SO3), transformer 
parasitic parameters, travelling-wave tube amplifier. 
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I. INTRODUCTION

s shown in Fig. 1(a), the two-stage power converter 
structure is always employed in the power supply of the 

space travelling-wave tube amplifier (TWTA) [1] – [3]. The first 
stage is a pre-regulator, where a Buck or Boost converter is 
utilized, and the second stage is a high frequency LCLC resonant 
converter (see Fig. 1(b)). The output voltage of the power supply 
for a space TWTA is regulated by the first stage while the second 
stage is unregulated with fixed frequency and fixed duty cycle, as 
a DC transformer [1], [4]. Therefore, the unregulated second 
stage is required to boost the input voltage, provide the galvanic 
isolation while keeping high efficiency [5], which poses great 
challenges on the high frequency LCLC resonant converter. 

Two-stage power converter structure in TWTA
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Fig. 1 Typical power supply in a TWTA: a) Two-stage power converter structure; b) 
LCLC resonant converter. 

As shown in Fig. 1(b), all the transformer parasitics (leakage 
inductance, Lr; magnetizing inductance, Lm; and parasitic 
capacitance, Cp) in the high frequency LCLC resonant converter 
are utilized as the resonant components. In addition, all the 
transformer parasitics coordinately work together with an extra 
series capacitor Cs [6] to build the LCLC resoant tank. To achieve 
high efficiency by reducing the switching loss, the high frequency 
LCLC resonant converter is scheduled to operate under 
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zero-voltage-switching (ZVS) and zero-current-switching (ZCS). 
However, in practice, ZVS and ZCS are very sensitive to the 
switching frequency and duty cycle, which are largely dependent 
on the transformer parasitic parameters [5]. Therefore, it is vital 
to precisely measure the transformer parasitic parameters in 
the LCLC resonant converter. 

The existing transformer parasitics measurement methods can 
be divided into hybrid offline/online measurement [7], [8], offline 
measurement [9] – [13] and online measurement [14] – [18]:  

The hybrid offline/online measurement methods refer to 
measure some parameters by the online method while the 
others are measured by the offline method [7], [8]. This method 
can be treated as the trade-offs between the traditional online 
and offline measurement methods. However, as the offline 
method is applied, this method cannot track all the online 
parameter variations in the real working conditions.  

The offline measurement methods, which are based on the 
offline impedance analyzer, is widely employed due to their 
simplicity and low cost [9] – [13]. However, these offline 
methods do not consider the real online operating conditions of 
the converter, such as the operating power, the ambient 
temperature and the core loss, which will degrade the 
measurement accuracy [19], [20]. Therefore, the calculated 
frequency and duty cycle cannot guarantee ZVS and ZCS, 
which will increase the switching loss. However, the switching 
loss is actually a very crucial issue in high frequency 
applications, due to the fact that the switching loss is directly 
proportional to the switching frequency. As a result, when the 
traditional off-line measurements are utilized, in order to 
achieve ZVS and ZCS, the “trial and error” method is usually 
applied to adjust the switching frequency and duty cycle. 
However, as ZVS and ZCS are not achieved during the 
debugging process, the conduction of the body diode, the 
oscillations of the resonant current and the drain-to-source 
voltages of the switches will cause overvoltage and excess 
temperature, which may damage the switches [21], [22].   

Based on the real-time data processing, the online 
measurement methods can measure the parameters under real 
operating conditions, and hence, they have higher accuracy 
than the offline measurement methods [14] – [18]. However, it 
should be noted that the TWTA is a high-voltage application. 
The facility to inject the perturbation, the sensors to measure 
the corresponding voltage and current, and the data processing 
equipment, will increase the cost. Considering the cost, the 
online measurement methods may not be suitable for the 
TWTA application.  

As for the LCLC resonant converter, its characteristics have 
been investigated and reported [1], [5], [23] – [25]. The stead 
state analysis of the LCLC resonant converter is detailed 
explained in [5], [23], [24]. In [5], the working principles and 
the equations of the main parameters, such as the resonant 
current, peak magnetizing inductance, are presented. Besides, 
in [24], the impact of output leakage inductance is investigated. 
In [25], the performance of the conventional LLC resonant 
converter is upgraded by adding an extra capacitor to build the 
LCLC resonant converter.  

As mentioned before, the high frequency LCLC resonant 
converter in Fig. 1(b) in the space TWTA application, it operates 
under open-loop condition. The main functions of the LCLC 

resonant converter are boosting the input voltage, providing the 
electric isolation while keeping high efficiency. As a result, the 
high frequency LCLC resonant converter should select special 
switching frequency and duty cycle according to its real 
transformer parameters to ensure that it can realize ZVS and ZCS 
in an effective and low-cost way [1, 2]. Therefore, the 
conventional offline, online and hybrid offline/online 
measurements may be not suitable in the space TWTA 
application.  

In order to solve the above problem, a simple, low-cost, and 
effective sequential offline-online-offline (SO3) measurement 
method is proposed in this paper, which includes three steps. In 
the first step, the pre-offline measurement is carried out by an 
impedance analyzer and the offline switching frequency and 
duty cycle is calculated based on the offline measurement 
results. In the second step, with the offline calculated switching 
frequency and duty cycle, the online test is carried out and the 
test waveforms of the driving signal, resonant current, the 
drain-to-source voltage of the main switch and the current of 
the rectifier diode, are recorded. In the third step, the online 
switching frequency and duty cycle are calculated based on the 
recorded waveforms, which will be used to update the LCLC 
resonant converter.  

The rest parts of this paper are organized as: the impacts of 
the transformer parasitics on the LCLC resonant converter are 
carefully discussed in Section II. In Section III, the operation 
principles of the LCLC resonant converter are investigated and 
the circuit analysis is applied to derive the equations of the main 
parameters, which will be further utilized in Section IV. In 
Section IV, the SO3 measurement method is proposed and 
elaborated in detail. The proposed SO3 method is 
experimentally validated in Section V. Section VI summarizes 
this paper.   

II. IMPACTS OF THE TRANSFORMER PARASITICS ON THE

HIGH FREQUENCY LCLC RESONANT CONVERTERS

A. Effects of the transformer parasitics on fs_req and Dreq

vgs1(t), vgs4(t) vgs2(t), vgs3(t)

ir(t) vds1(t), vds4(t)

t

t

t1 t2 t3 t4 t5 t6 t7

Trs/2 Trise Trs/2 Trise

Ts
0

0

Fig. 2 Typical waveforms of an LCLC resonant converter to calculate fs and D 

Fig. 2 shows the typical ZVS and ZCS waveforms of the 
LCLC resonant converter, where the waveforms of interest are 
the driving signal of S1 and S4, vgs1(t) and vgs4(t); the drain 
source voltage of S1 and S4, vds1(t) and vds4(t), and the resonant 
current, ir(t). Trs is the resonant period between Lr and Cs. 

According to Fig. 2, a complete period (from t1 to t7) consists 
of a positive half cycle (from t1 to t4) and a negative half cycle 
(from t4 to t7), where “positive” and “negative” mean the 
direction of ir(t). In steady state, the positive half cycle is 
symmetrical with the negative half cycle.  

In order to reduce the turn-on loss, it can be seen from Fig. 2 
that S1 and S4 are turned on at t1, when vds1(t), vds4(t), and ir(t), 
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are zero. In addition, in order to reduce the turn-off loss, it can 
be seen from Fig. 2 that S1 and S4 are turned off at t3, when 
vds1(t), vds4(t), and ir(t), are zero. In this way, the conduction 
time of S1 and S4 is half of the resonant period, which is Trs/2. 

When S1 and S4 are turned off, vds1(t) and vds4(t) will increase 
and be clamped by the input voltage. The increasing time for 
vds1(t) and vds4(t) is Trise.  

When S1 and S4 are clamped, S2 and S3 will be turned on and 

the other half period will begin, which is similar to the positive 
half period.  

Therefore, based on the above analysis, it can be concluded 
that a complete period of the converter consists of a whole 
resonant period, Trs, and double increasing time, which is 2Trise. 
As a result, the required switching frequency, fs_req, and required 
duty cycle, Dreq, can be respectively calculated by 

(1a)

 (1b) 

where Trise is the voltage rising time of the main switch, S1. 
It should be noted that the Eq. (1) is to show the relation 

between the transformer parasitics with fs_req and Dreq and the 
further derivation of Trise will be elaborated in Section III. 

By (1(a)) and (1(b)), it can be seen that fs_req and Dreq are 
heavily affected by the transformer parasitics (Lr, Lm and Cp). In 
order to figure out this issue, the impacts of Lr, Lm, Cp on fs_req

and Dreq are depicted in Fig. 3, where all the parameters are in 
per-unit value. In Fig. 3, the offline measured values of Lr, Lm 
and Cp are utilized as their base values. Usually, the values of 
Lr, Lm and Cp under operating conditions may be changed 20% 
around the above base values [19], so the per-unit ranges of Lr, 
Lm and Cp are all set to [0.8, 1.2]. 

Then, by Fig. 3, the impacts of the transformer parasitics on 
the fs_req and Dreq are analysed as follows:  

a) The impacts of Lr on fs_req and Dreq 

(a)       (b) 

(c) 

Fig. 3 Impacts of the transformer parasitics on fs_req and Dreq: a) Lr; b) Lm; c) Cp

The impacts of Lr on fs_req and Dreq are shown in Fig. 3(a): 
actually, Lr under operating conditions will deviate from the 

offline measured results. In the first case, L*
r1 L୰ଵ

* is lower than 1. 
It can be seen from Fig. 3(a) that the required frequency, f*

s_req1 is 
higher than 1 while the required duty cycle, D*

req1 D୰ୣ୯ଵ
* is lower 

than 1. In the second case, L*
r2 L୰ଶ

* is higher than 1. It can be seen 
from Fig. 3(a) that the required frequency, f*s_req2 fୱ_୰ୣ୯ଶ

* is lower 
than 1 while the required duty cycle, D*

req2 D୰ୣ୯ଵ
* D୰ୣ୯ଶ

* is higher 
than 1. 

b) The impacts of Lm on fs_req and Dreq

The impacts of Lm on fs_req and Dreq are shown in Fig. 3(b): Lm

under operating conditions will deviate from the offline results. 
In the first case, L*

m1 L୫ଵ
* is lower than 1. It can be seen from 

Fig. 3(b) both the required frequency, fୱ_୰ୣ୯ଵ
* f*

s_req1 and the 
required duty cycle, D*

req1 D୰ୣ୯ଵ
* D୰ୣ୯ଵ

* are higher than 1. In the 
second case, L୫ଶ

* L*
m2 is higher than 1. It can be seen from Fig. 

3(b) that its required frequency, f*
s_req2 fୱ_୰ୣ୯ଶ

* and required duty 
cycle D*

req2 are lower than 1. L୰ଶ
*  

c) The impacts of Cp on fs_req and Dreq

The impacts of Cp on fs_req and Dreq are shown in Fig. 3(c). Cp

under operating conditions will deviate from the offline result. 
In the first case, C*

p1 D୰ୣ୯ଵ
* is lower than 1. It can be seen from 

Fig. 3(c) that both the required frequency, f*
s_req1 fୱ_୰ୣ୯ଵ

* and the 
required duty cycle, D୰ୣ୯ଵ

* D*
req1 D୰ୣ୯ଵ

* are higher than 1. In the 
second case, C*

p2 L୫ଶ
* is higher than 1. It can be seen from Fig. 

3(c) that the required frequency, f*
s_req2 and the required duty 

cycle, D*
req2 are lower than 1.  

Based on the above analysis, it can be concluded that fs_req

and Dreq are very sensitive to the transformer parasitics. In 
practice, both fs and D of the LCLC resonant converter are fixed 
values, which are calculated based on the offline measured 
transformer parasitics. However, the transformer parasitics 
under operating conditions will deviate from the offline 
measured ones, which will further lead to the deviations of the 
online fs_req and Dreq from the offline calculated fs_req and Dreq. 
Therefore, the deviations of fs_req and Dreq will lead to the 
variations of the switching conditions, which means that ZCS 
and ZVS may not be achived. Therefore, it is necessary to 
further discuss the effects of fs and D on the switching 
conditions.   

B. Effects of fs and D on the switching conditions

Possible cases between the real fs or D and the required fs_req

or Dreq are considered: a) fs > fs_req or D > Dreq; b) fs = fs_req or D = 
Dreq; c) fs < fs_req or D < Dreq. Different cases will lead to 
different switching conditions of the LCLC resonant converter, 
which can be discussed as follows: 

1 2 1 1
_ ( 2 ) 1 2{ {arccos[ ( 1 ( ) (4 )) ] arctan( 2 ( ) ( ))}}s req rs rise r s m p r s m p r s m pf T T LC L C LC L C LC L Cp p p- - -= + = + ´ - + -

2 1 1( 2 ) {1 1 ( ) ( ) {arccos[ ( 1 ( ) (4 )) ] arctan( 2 ( ) ( ))}}req rs rs rise m p r s r s m p r s m pD T T T L C LC LC L C LC L Cp p p- -= + = + ´ - + -
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a) The impacts of fs on the switching conditions: 1) Case 1, fs

> fs_req; 2) Case 2, fs = fs_req; 3) Case 3, fs < fs_req

In Case 1 (See Fig. 4(a), fs = 110% fs_req is used as an
example), as fs > fs_req, there is no sufficient time to charge and 
discharge the output capacitor of S1, which is Cds1 (see Fig. 
1(a)). As a result, ZVS of S1 cannot be achieved. In addition, as 
the time for the resonance between Lr and Cs is insufficient as 
well, ZCS of S1 cannot be achieved as well. Due to the failure to 
achieve ZVS and ZCS, the switching loss (both turn-on loss and 
turn-off loss) will increase [26], [27].  

vgs1(t)

No ZVS

vds1(t)

ir(t)
No ZCS

t

vgs1(t) vds1(t)

ir(t)
ZCS&ZVS ZCS&ZVS

0 0

(a) (b) 

t

vgs1(t) vds1(t)

ir(t) OscillationsNo ZCS

0

(c)    

Fig. 4 Impacts of different fs on the switching conditions of the LCLC resonant 
converter: a) fs > fs_req (fs =110% fs_req); b) fs = fs_req; c) fs < fs_req (fs =90% fs_req)

In Case 2 (See Fig. 4(b)), with the required fs, both ZCS and 
ZVS of S1 can be achieved very well. Therefore, the switching 
loss is greatly reduced. In addition, the oscillations are also 
reduced. 

In Case 3 (See Fig. 4(c), fs = 90% fs_req is used as an 
example), since fs is lower than fs_req, the time to charge and 
discharge Cds1 is more than required. Hence, as shown in Fig. 
4(c), before S1 is turned on, the voltage oscillation (vds1(t)) 
occurs among the output capacitors (Cds1, Cds2, Cds3, Cds4), Lr, 
Lm, Cp and Cs. Besides, before S1 is turned off, the current 
oscillation (ir(t)) among Lr, Lm, Cp and Cs takes place. It is 
worthy pointing out that the oscillations shown in Fig. 4(c) will 
increase the conduction loss. In addition, ZCS cannot be 
achieved, which will increase the switching loss (turn-off loss). 
As a result, it can be concluded that when fs is lower than fs_req, 
both switching loss and conduction loss will increase. 

t
Oscillations No ZVS

vgs1(t)

ir(t)

vds1(t)

t

vgs1(t) vds1(t)

ir(t)
ZCS&ZVS ZCS&ZVS

0 0

(a) (b)

t

vgs1(t) vds1(t)

ir(t)No ZCS Oscillations

0

(c)       
Fig. 5 Impacts of different D on switching conditions of the LCLC resonant 
converter: a) D > Dreq (D =110% Dreq); b) D = Dreq; c) D < Dreq (D =90% Dreq);

b) The impacts of D on the switching conditions: 1) Case 1,
D > Dreq; 2) Case 2, D = Dreq; 3) Case 3, D < Dreq 

In Case 1 (Fig. 5(a), D = 110% Dreq is used as an example), 
the time for the resonance between Lr and Cs is more than 

required, the current oscillation (ir(t)) among Lr, Lm, Cp and Cs 
will happen. However, there is no sufficient time to charge and 
discharge the output capacitor of S1. Hence, ZVS of S1 cannot 
be achieved, which will lead to the increase of the switching 
loss (turn-on loss). In addition, due to the current oscillations, 
the conduction loss of the LCLC resonant converter will 
increase. 

In Case 2 (See Fig. 5(b)), with the required D, both ZCS and 
ZVS can be achieved. As a result, the switching loss is reduced. 
In addition, the oscillations are also reduced. 

In Case 3 (See Fig. 5(c), D = 90% Dreq is used as an 
example), since D is smaller than Dreq, the time to charge and 
discharge the output capacitor of S1 is more than required while 
the time for the resonance between Lr and Cs is not sufficient. 
Hence, by Fig. 5(c), voltage oscillations of vds1(t) will take 
place among the output capacitor of the main switches (Cds1, 
Cds2, Cds3, Cds4), Lr, Lm, Cp and Cs. As ZCS cannot be achieved 
in Case 3, the tun-off loss will increase. In addition, the 
oscillations in Fig. 5(c) will increase the conduction loss.  

According to the above analysis, the switching conditions of 
the LCLC resonant converter are really heavily dependent on fs 
and D, which are closely related with the transformer parasitic 
parameters. Usually, in the normal case, the transformer 
parasitics are measured offline. However, the values of the 
transformer parasitics at idle state are different from those at 
working state [18]. Therefore, when the calculated fs and D 
by the offline measured results are utilized in the LCLC 
resonant converter directly, it may deviate from its actual 
required values in the real working conditions, which will 
lead to the failure of ZVS and ZCS, and the unwanted 
oscillations. This is the problem this paper trying to solve. 

TABLE I. PARAMETERS FOR SIMULATIONS 
Parameter Value Parameter Value Parameter Value

Lr 0.1 µH Cp 16.0 nF Ro 80 kΩ
Lm 8.0 µH Vin 40 V Vo 4800 V
Cs 1.4 µF

To illustrate the above problem more intuitively, simulations 
are carried out to compare the waveforms between accurate and 
inaccurate fs and D. The parameters for the simulations are 
shown in Table I. 

With the parameters in Table I, the simulation waveforms 
with accurate and inaccurate fs and D are shown in Fig. 6(a) and 
Fig. 6(b), respectively. By Fig. 6(a), with accurate fs and D, both 
ZCS and ZVS are well achieved in the converter. However, the 
inaccurate fs and D will lead to failure to achieve ZVS as shown 
in Fig. 6(b). Therefore, in order to calculate the fs_req and Dreq 
under real working conditions precisely, the accurate 
measurement of the transformer parasitics with fully 
consideration of the real working conditions is an important 
issue.  

(a) (b)
Fig. 6 Simulation results: a) accurate fs_req (305kHz) and Dreq (35.5%); b) 
inaccurate fs_req (320 kHz) and Dreq (36.5%). 
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III. OPERATION PRINCIPLES OF THE LCLC RESONANT

CONVERTERS FOR THE TWTA APPLICATIONS

In this section, the operation principles of the LCLC resonant 
converter are analyzed. In addition, the parameters in each 
mode are calculated based on the circuit analysis. The 
equations derived in this section will be used in the proposed 
SO3 measurement method in section IV. 

Before the analysis of the operation principles, the following 
assumptions are made: 
 The input and output voltage are constant;
 All the components are ideal, which means there is no power

losses in the converter.

Fig. 7 Typical ZCS and ZVS waveforms of an LCLC resonant converter 

The waveforms of interest are: the driving signals of S1, S2, 
S3 and S4, vgs1(t), vgs2(t), vgs3(t) and vgs4(t); the resonant current, 
ir(t); the magnetizing current, im(t); the voltage across the series 
capacitor (Cs), vcs(t); the voltage across the parallel capacitor 
(Cp), vcp(t); the voltage across the parasitic capacitor of S1, 
vds1(t) (same as vds4(t)); the voltage across the rectifier diode D1, 
vd1(t); and the current through the rectifier diode D1, id1(t). The 
typical ZCS and ZVS waveforms of an LCLC resonant 
converter are shown in Fig. 7. 

The operation principles of the LCLC resonant converter can 
be divided into six modes and each mode will be elaborated as 
follows: 

A. Operation principles of Mode 1 ([t1, t2] in Fig. 7)

The waveforms in Mode 1 are shown in Fig. 7 while the
equivalent circuit of Mode 1 is shown in Fig. 8(a). 

Prior to Mode 1, ir(t) is 0 and vds1(t) and vds4(t) are also 0. As a 
result, at t1, S1 and S4 are turned on, both ZCS and ZVS of S1 
and S4 are achieved. In addition, the voltage of Cp has increased 
to (NpVo)/(2Ns) and will be clamped because the diode D1 is 
conducting. 

Similarly, at t1, the voltage across the diode D1 is 0 and the 
current through the diode D1 is also 0. Therefore, the rectifier 
diode D1 also operates in ZCS and ZVS. 

Therefore, the resonance will begin between Lr and Cs. ir(t) 

can be calculated by 
(2) 

where Irp is the peak value of the resonant current.  
As Cp is clamped, im(t) will increase linearly, which is 

(3) 
The voltage of Cs can be calculated by 

(4) 

In Mode 1, when ir(t) is equal to im(t), D1 will turn off 
naturally. Mode 1 ends. 

(a) 

(b) 

(c) 
Fig. 8 Equivalent circuit in each Mode: a) Mode 1; b) Mode 2; c) Mode 3 

B. Operation principles of Mode 2 ([t2, t3] in Fig. 7)

The waveforms of Mode 2 are shown in Fig. 7 and the
equivalent circuit of Mode 2 is shown in Fig. 8(b). In Mode 2, 
as D1 is off, Cp is not clamped any more. The equivalent circuit 
of Mode 2 in s domain is shown in Fig. 9. 

Fig. 9 Equivalent circuit of Mode 2 in s domain 

Based on Fig. 9, the following equations can be derived:

(5) 
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As a result, ir(t) and im(t) can be calculated, which are 

(6a) 

(6b) 

The voltage of Cp can be calculated by 

(7) 

When ir(t) decreases to 0, S1 and S4 will be turned off. Mode 2 
ends. 

C. Operation principles of Mode 3 ([t3, t4] in Fig. 7)

The waveforms of Mode 3 are shown in Fig. 7 and the
equivalent circuit is shown in Fig. 8(c). 

In Mode 3, since all the switches are off, a complex 
resonance begins among Cds1, Cds2, Cds3, Cds4, Cs, Lr, Cp and 
Lm. The equivalent circuit of Mode 3 in s domain is shown in 
Fig. 10. According to Fig. 10, based on the circuit analysis, 
the following equations can be derived to calculate the 

parameters in Mode 3: 

Fig. 10 Equivalent circuit of Mode 3 in s domain 

(8) 

i1(t), i2(t) and i3(t) can be found from (8), which are 
 (9a) 

 (9b)
 (9c)

 (9d)
where γ11, γ 12, γ13, γ14 can be calculated by 

3 311 ( ) ( )r t t ds p m t ti t C C i t    (10a) 

3 312 [ ( ) ( ) ]ds r in cp t t cs t tC L V v t v t     (10b) 

313 ( )ds p m t tC C i t  (10c) 

314 [ ( ) ] 1 ( )in cs t t ds p mV v t C C L   (10d) 
γ21, γ22, γ23, γ 4 can be calculated by 

3 321 ( ) ( )r t t ds p m t ti t C C i t    (11a) 

3 322 [ ( ) ( ) ]ds r in cp t t cs t tC L V v t v t     (11b) 

323 ( )ds p m t tC C i t  (11c) 

324 [ ( ) ] 1 ( )in cs t t ds p mV v t C C L   (11d) 
γ31, γ32, γ33, γ34 can be calculated by 

331 ( ) ( )r ds m p r t tLC L C i t   (12a) 

332 [ ( ) ]( ) ( )in cs t t r ds m p ds rV v t LC L C C L   (12b) 

3 3 333 { ( ) [ ( ) ( ) ]}cp t t ds p in cp t t cs t t p mv t C C V v t v t C L       (12c)

334 ( )m t ti t  (12d) 
According to (9), ir(t), vcp(t), vcs(t), vds1(t) in Mode 3 can be 

calculated by 
3 2( ) ( ) ( )ri t i t i t  (13a) 

3
3

3 2( ) ( ) 1 [ ( ) ( ) ( )]
t
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In Mode 3, vds1(t) and vds4(t) will increase to Vin while vds2(t) 
and vds3(t) will decrease to 0. In addition, vcp(t) will decrease 
then increase to -Vin. When vds2(t) and vds3(t) decrease to 0, S2 
and S3 will be turned on and Mode 3 ends. 

Combing (9) and (13), the voltage rising time of S1, Trise, 
which has been mentioned Section II, can be calculated by 

(14) 

where frp is the resonant frequency between Cp and Lm.  
The second half period is symmetrical with the first half 

period, with Mode 4 similar to Mode 1 from t4 to t5; Mode 5 
similar to Mode 2 from t5t଺ to t6 t଻and Mode 6 similar to Mode 
3 from t6 to t7. 

2 2 2
( ) (1 ) ( ) sin( ) ( ) cos( ) ( 1 ) ( ) sin( )p pr r s
r cs t t in r t t in cs t t

r m m m sr p m s m s

C CL L t t C t
i t v t V i t V v t

L L L L CLC L C L C
= = =

é ù é ù
ê ú ê ú=- - + + + + - +ê ú ê ú
ë û ë û

2 2 2( ) ( ) sin( ) ( ) cos( ) [ ( ) ]sin( )pr s
m cs t t m t t in cs t t

m r mr p m s m s

CL t t C t
i t v t i t V v t

L L LLC L C L C
= = == + + -

1

( ) ( ) (2 ) 1 [ ( ) ( )]
t

cp p o s s r m
t

v t N V N C i t i t dt= + -ò

- +

- +

-+

-

+

-

+

-

+

Vin/s

Vin/s

Vin/s

Im(s) sLm sim(t)|t=t3

1/(sCp) [vcp(t)|t=t3]/s1/(sCds)

1/(sCds)

[vcs(t)|t=t3]/s

1/(sCs)

sLr

1/(sCds)

1/(sCds)
I1(s)

I2(s)

I3(s)

3 3 3

1 2 3

2 2

1 2 3

2 2

1 2 3

2 0

( ) ( ) ( )2( )1 1

2( )1 1

cp t t cs t t in r r t tr ds p s ds p p s ds s r p s p s
m

ds p s p s p

r p s p s r ds p s ds p p s ds s

p s ds p s

I I I

v t v t V sL i tLC C C s C C C C C C s LC C C C
I I I I

sC sC C C sC C sC s

s LC C C C LC C C s C C C C C C
I I I

sC sC C sC C C s

  

  

      
    

    
   3 3 3

3

32 3

( ) ( ) ( )

( )1 1 1
( ) ( )

in cp t t cs t t r r t t

m

p

cp t t

m m m m t t
p p p

V v t v t sL i t
I

C s

v t
I I sL I L i t

sC sC sC s

  









    




      


1( ) 0i t =

2 11 3 12 3 13 3 14 3( ) 1 2{ cos[( ) ] sin[( ) ] cos[( ) ] sin[( ) ]}r ds r ds m p m pi t t t LC t t LC t t L C t t L C           

3 21 3 22 3 23 3 24 3( ) 1 2{ cos[( ) ] sin[( ) ] cos[( ) ] sin[( ) ]}r ds r ds m p m pi t t t LC t t LC t t L C t t L C          

31 3 32 3 33 3 34 3( ) cos[( ) ] sin[( ) ] sin[( ) ] cos[( ) ]m r ds r ds m p m pi t t t LC t t LC t t L C t t L C          

11 (2 ){arccos[ ( ( ) (2 )) ] arctan[( ) (2 )]}rise rp rp rs rp rsT f f f f fp p p-= - -



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

In the following section, the parameters derived in this 
section will be employed for the calculations in the proposed 
SO3 measurement method. 

IV. PROPOSED SEQUENTIAL OFFLINE-ONLINE-OFFLINE

(SO3) MEASUREMENT METHOD 

In this section, an SO3 measurement method for the LCLC 
resonant converter is proposed, which not only inherits the 
low-cost and simple advantages of the traditional offline 
measurement method, but also enjoys the accuracy of all the 
transformer parasitics like the online measurement method. In 
the first part, the calculations of the transformer parasitics 
based on the waveforms are derived. In the second part, based 
on the derived equations, an SO3 measurement method is 
proposed and the procedures are elaborated in details. 

A. Preliminary: derivation of the transformer parasitics
by the working waveforms

Fig. 11 Typical waveforms of the LCLC converter for parasitics calculations

a) Calculation of the leakage inductance (Lr)
As mentioned in the previous section, in Mode 1, the

resonance takes place between Lr and Cs. since Cs is the 
external capacitor and its parameter is a known value, Lr can be 
calculated by 

 (15) 
where Trs is the resonant period corresponding to frs. In the 
proposed SO3 method, Trs is found by a quarter cycle of Trs, 
which is shown in Fig. 11.  

b) Calculation of the magnetizing inductance (Lm)

Based on (4), the voltage of Cs at t2 can be calculated by

(16) 

where ∆=Vin–vcs(t)|t=t1-(NpVo/(2Ns))Vo, Vo is the output voltage. 
Np and Ns are the number of the turns in the primary winding 
and secondary winding, respectively. 

In steady state, the waveform of vcs(t) is symmetrical. 
Therefore, the voltage gain of the LCLC resonant converter can 
be found as 

2o in s pV V N N= (17) 

In Mode 1, Cp is clamped, there is no current through Cp. 
Thus, the magnetizing current, im(t) can be calculated by 

1( ) ( ) ( )m r s p di t i t N N i t= - ⋅  (18) 

where id1(t) is the current of D1. 
As D1 is on, Lm is clamped by NpVo/2Ns. According to (17), 

the relation between Lm and the voltage of the magnetizing 
inductance is 

[ (2 )] [ ( ) ]Lm o p s in m mV V N N V L di t dt= ⋅ = = ⋅ (19) 

where VLm is the voltage of the magnetizing inductance.  

As Lm is clamped, im(t) increases linearly. As a result, (19) 
can be replaced by a difference equation by selecting two 
moments, tα and tβ from t1 and t2, which can be seen from Fig. 
11. Combing (3), (18) and (19), Lm can be calculated by

1 1

( )

[ ( ) | ( ) | ] [ ( ) | ( ) | ]
in

m
r t t r t t s p d t t d t t

V t t
L

i t i t N N i t i t
a b a b

a b

= = = =

-
=

- - - (20)

where tα and tβ are two moments from t1 to t2; ir(t)|t=tα, ir(t)|t=tβ are 
the resonant currents at tα and tβ respectively. While id1(t)|t=tα, 
id1(t)|t=tβ are the currents of D1 at tα and tβ restively.  

c) Calculation of the parasitic capacitance (Cp)

As shown in Fig. 11, from t3 to t4, vds1(t) will increase from 0
to Vin and this rising time is Trise. According to (14), frp can be 
calculated by 

(21) 

However, since (21) is an implicit function, the numerical 
solution of frp will be found by iterations and the flowchart is 
given in Fig. 12. With frp, Cp can be calculated by 

(22)

Start
Y

N

Trise, frs and initial frp
frp

is stable? ENDCalculate frpwith (21)

Fig. 12 Iteration flowchart of (21) to calculate frp 

Based on (15), (20) and (22), all the transformer parasitics 
can be calculated based on the waveforms. An SO3 
measurement method is proposed, which will be elaborated in 
the following part. 

B. The Proposed SO3 measurement method

Fig. 13 Flowchart of proposed SO3 measurement method 

In this part, an SO3 measurement method is proposed. The 
flowchart of the SO3 method is depicted in Fig. 13. 

As shown in Fig. 13, the SO3 meaurement method includes 
three steps, which are pre-offline measurement, utilize 
oscilloscope to do online test and to record the test waveforms 
and Offline calculations and corrections of the final fs_req and 
Dreq.  

a) Step 1: Pre-offline measurement
In the first step, the transformer parasitics are measured by an

offline impedance analyzer. The purpose of this step is to obtain 
the offline measured transformer parasitics and calculate the 
offline fs_req and Dreq with (1a) and (1b). With the offline fs_req and 
Dreq, the LCLC resonant converter can be initially operated.  

b) Step 2: Utilize oscilloscope to do the online test and
record the test waveforms 

2 21 (4 )r rs sL f C

2

2 1
1

1( ) | ( ) | (1 ) sin[2 ( )]
t

cs t t cs t t r s rst
v t v t LC f t t dt      

1 0.5 11 (2 ){cos [ (( ) (2 )) ] tan [( ) (2 )]}rp rise rp rs rp rsf T f f f fp p p- - -= - -
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With the calculated fs_req and Dreq in Step 1, the LCLC 
resonant converter is configured to operate under real working 
conditions. Then, the real working waveforms of vgs1(t), vds1(t), 
ir(t) and id1(t) under real working conditions are recorded by the 
scope.  

It is worthy to point out that since the waveforms are 
recorded under the real working conditions, the deviations of 
the transformer parasitics caused by the working conditions are 
captured, which means the proposed SO3 measurement method 
can enjoy the same accuracy with the online method. 

The online recorded waveforms will be used for the 
calculations of the transformer parasitics in the Step 3.  

c) Step 3: Offline calculations and corrections of the final
fs_req and Dreq 

Based on the recorded waveforms in step 2, the real online 
transformer parasitic parameters can be mathematically 
calculated and no additional test equipment is needed.  

The detailed calculation procedures in Step 3 are shown as 
follows: 

At first, Lr is calculated by (15), which is based on Trs/4 
measured in the recorded waveforms.  

Secondly, two time points, tα and tβ are selected. The time 
difference (∆t = tβ - tα) is calculated. The resonant current at tα 
and tβ are measured, which are ir(t)|t=tα and ir(t)|t=tβ. In addition, 
the current of D1 at tα and tβ, is also measured, which are 
id1(t)|t=tα and id1(t)|t=tβ. With ∆t, ir(t)|t=tα, ir(t)|t=tβ, id1(t)|t=tα and 
id1(t)|t=tβ, Lm is calculated by (20). 

Thirdly, Trise is measured in the recorded waveforms. With 
Trise and frs, frp is calculated with (21). Then, Cp is calculated by 
(22). 

After the transformer parasitics are calculated, fs and D will 
be eventually calculated by (1(a)) and (1(b)). As the 
waveforms are recorded online, the calculated fs and D actually 
enjoy the accuracy as the online measured results, which means 
the real operating conditions of the LCLC resonant converter 
are considered.  

Finally, the above calculated fs and D will be used to 
update the LCLC resonant converter. 

Up to this moment, the proposed SO3 measurement method 
is finished. In the following section, the proposed SO3 
measurement method will be validated by the experiments. 

V. EXPERIMENTAL VALIDATION

In this section, as shown in Fig. 14, a real LCLC resonant 
converter with a planar transformer, which is utilized in the 
TWTA application, is tested to validate the proposed SO3 
measurement method. The type of the MOSFETs is 
RJK0656DPB from Renesas Electronics while that of the 
rectifier diode is GB01SLT12-214 from GeneSiC 
Semiconductor. To validate the effectiveness of the proposed 
method, in the first part, the transformer parasitics are measured 
by the traditional offline measurement method. In the second 
part, the proposed SO3 measurement method is used for the 
LCLC resonant converter. In the third part, the offline 
measurement method and proposed SO3 measurement method 
is further compared by the efficiency under different input 
voltages and loads. 

A. Experimental results with the offline measurement
method

The parasitics of the planar transformer for the LCLC 
resonant converter are measured with an offline impedance 
analyser (E4990A) at 25 °C. The measured results are shown in 
Table II.  

Fig. 14 The LCLC resonant converter with the planar transformer. 

TABLE II. PARASITICS OF THE TRANSFORMER BY OFFLINE MEASUREMENT (25 °C) 
Parameter Value Parameter Value Parameter Value

Lr 0.11 µH Cp 13.8 nF D 72.3% 
Lm 8.5 µH fs 347 kHz 

With the offline measured transformer parasitics, fs and D are 
calculated with (1a) and (1b), which are 347 kHz and 72.3%, as 
show in Table II. The LCLC resonant converter is tested with 
the offline calculated fs and D under the rated input voltage (40 
V) and output power (288W). In order to investigate the effect
of the operating temperature on the proposed measurement
method, the LCLC resonant converter is tested under 25°C and
60 °C. The experimental waveforms at 25 °C are shown in Fig.
15(a) and the waveforms at 60 °C are shown in Fig. 15(b).

(a) 

[vds1(t):20V/div]

[ir(t):10A/div]

    [id1(t):0.2A/div]

   [vgs1(t):10V/div]

No ZVS

No ZCS

500ns/div

Trise

Trs/4
ir(t)|t=tα ir(t)|t=tβ

id1(t)|t=tα

id1(t)|t=tβ

Δt=tα-tβ

(b) 

Fig. 15 Waveforms with the conventional offline measured method under 
different ambient temperatures: a) 25 °C; b) 60 °C. 

It can be seen from Fig. 15(a) that with the offline measured 
results, ZCS and ZVS cannot be achieved. It is because although 
the temperature in the offline measurement method (25°C) is the 
same with the operating temperature, the transformer parasitics 
are also affected by the operating power and the core loss [19], 
[20], which are not considered in the offline measurement 
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method. In addition, by comparing Fig. 15(a) and Fig. 15(b), it 
can be seen that vds1(t), id1(t) and ir(t) in two figures are slightly 
different, which is caused by the difference of the operating 
temperatures. 

B. Experimental results with the proposed SO3 

measurement method

The proposed SO3 measurement method is validated in this 
part, which follows the below procedures: 

Step 1: the transformer parasitics are measured offline by an 
impedance analyser (E4990A) at 25 °C and the measured 
results are the same with the parameters shown in Table II. The 
offline measured parameters are used to calculate fs and D, 
which are 347 kHz and 72.3%, respectively. 

Step 2: the offline calculated fs and D are used to record the 
online experimental waveforms under two different 
temperatures (25 °C and 60 °C), which are shown in Fig. 15(a) 
and Fig. 15(b). Since the experimental waveforms are recorded 
under real working conditions, the deviations of the transformer 
parasitics due to the working conditions have been considered. 

Step 3: with the online recorded waveforms, the online 
transformer parasitics under different operating temperatures 
are calculated.  

A quarter of Trs is measured in Fig. 15(a) and Fig. 15(b), 
which are 0.544 µs and 0.521 µs. Hence, the whole period, Trs, 
under different operating temperatures, is 

(25) 2.176rsT sm= (23a) 

(60) 2.084rsT sm= (23b) 

where Trs(25) is the resonant period between Lr and Cs at 25 °C 
while Trs(60) is the resonant period between Lr and Cs at 60 °C. 

As Cs is the detached capacitor, which is 1.0 µF, Lr under 
different temperatures can be calculated by (15), which is 

(25) 0.12rL Hm= (24a) 

(60) 0.11rL Hm= (24b) 

where Lr(25) is the leakage inductance at 25 °C while Lr(60) is the 
leakage inductance at 60 °C. 

In order to calculated the online Lm, two moments, tα, tβ, are 
selected, which are shown in Fig. 15(a) and Fig. 15(b), 
respectively. The resonant current difference, the current 
difference of the rectifier, D1, between tα and tβ, are measured. 
With these measured parameters, Lm under different 
temperatures is calculated by (20), which is 

(25) 8.9mL Hm= (25a) 

(60) 8.6mL Hm= (25b) 

where Lm(25) is the magnetizing inductance at 25 °C while Lm(60) 

is the magnetizing inductance at 60 °C. 
In order to calculate Cp, Trise is measured with the experimental 

waveforms in Fig. 15(a) and Fig. 15(b). Since frs can be 
calculated by Trs, with Trise, frp can be calculated by (21).  

With frp, Cp under different temperatures can be calculated 
with (22), which is  

(25) 18.1pC nF= (26a) 

(60) 18.6pC nF= (26b) 

where Cp(25) is the parasitic capacitance at 25 °C while Cp(60) is 
the parasitic capacitance at 60 °C. 

With the online measured transformer parasitics in (24), (25) 
and (26), the online fs and D under different temperatures are 

calculated, which are shown in Table III. 
It can be seen that compared with the offline measured 

transformer parasitics shown in Table II, variations of the 
transformer parasitics can be found in Table III. This is caused 
by the operating conditions. With the online measured fs and D 
under different temperatures, the waveforms are shown in Fig. 
16(a) and Fig. 16(b). 

TABLE III. PARASITICS OF THE TRANSFORMER BY ONLINE MEASUREMENT 
Online measurement result at 25 °C 

Parameter Value Parameter Value Parameter Value
Lr(25) 0.12 µH Cp(25) 18.1 nF D(25) 68.0%
Lm(25) 8.9 µH fs(25) 312 kHz 

Online measurement result at 60 °C 
Parameter Value Parameter Value Parameter Value

Lr(60) 0.11 µH Cp(60) 18.6 nF D(60) 66.4%
Lm(60) 8.6 µH fs(60) 319 kHz 

C. Efficiency Comparison between the traditional and the
proposed SO3 measurement methods

As shown in Fig. 15 and Fig. 16, compared with the 
conventional measurement method, with the proposed SO3 
measurement method, both ZCS and ZVS are achieved. 
Therefore, the switching loss are reduced. However, it is still 
necessary to compare the total efficiency of the converter.  

(a) 

[vds1(t):20V/div]

[id1(t):200mA/div]

[ir(t):10A/div]

[vgs1(t):10V/div] 500ns/div

ZVS ZCS & ZVS

(b) 

Fig. 16 Waveforms with the proposed SO3 measurement method under 
different operating temperatures: a) 25 °C; b) 60 °C. 

The power efficiency of the LCLC resonant converter with 
the conventional measurement method and the proposed SO3 
measurement method under different input voltages and 
different loads are shown in Fig. 17(a) and Fig. 17(b), 
respectively. 

(a)     (b) 

Fig. 17 Efficiency comparison: a). under different input voltages; b). under 
different loads. 

It can be seen from Fig. 17(a), with the proposed SO3 
measurement method, the efficiency under different input 
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voltages are higher than that with the offline method. Similarly, 
with the proposed SO3 measurement method, the efficiency 
under different loads are higher than that with the offline 
method. The improvement of the efficiency can be summarized 
as: at first, it can be from Fig. 15 and Fig. 16 that the switching 
loss with the proposed SO3 measurement method is reduced, 
which is a crucial issue in high frequency application. 
Secondly, thanks to ZVS and ZCS, the oscillations are reduced 
and the conduction loss will be reduced accordingly. In 
addition, it can be seen from Fig.17 that the efficiency under 
60°C is generally a little higher than that under 25°C, which is 
mainly because of the magnetic core. Under 60°C, the power 
loss density of the magnetic core is lower than that under 25°C, 
which means less core loss. 

Therefore, it can be concluded that with the proposed SO3 
measurement method, the efficiency of the high frequency 
LCLC resonant converter is improved. 

VI. CONCLUSIONS

A sequential offline-online-offline (SO3) transformer 
parasitics measurement method has been proposed for the high 
frequency LCLC resonant converter in the space TWTA 
application, which contains three steps:  

Step 1: the transformer parasitics are firstly measured by an 
offline impedance analyser. By these offline measured parasitic 
parameters, the initial switching frequency and duty cycle of 
the LCLC resonant converter can be calculated;  

Step 2: The online waveforms of the LCLC resonant 
converter is recorded with the initial switching frequency and 
duty cycle from Step 1 by oscilloscopes;  

Step 3: According to the recorded waveforms in Step 2, the 
real transformer parasitic parameters can be calculated by 
mathematical equations. By these corrected transformer 
parasitic parameters, the final switching frequency and duty 
cycle of the LCLC resonant converter are eventually corrected 
and updated to the LCLC resonant converter to make it work 
well.  

With the proposed SO3 measurement method, all the 
transformer parasitic parameters are measured online, which 
keeps the advantages of the traditional measurements while 
removing their limitations. The advantages of the proposed 
SO3 measurement method can be summarized as:    

• Simplicity and low cost. In the proposed SO3 measurement
method, neither extra measurement facilities nor additional 
online test circuit are required. Therefore, the proposed method 
enjoys the advantages of simplicity and low cost.  

• High accuracy. In the proposed SO3 measurement method,
as all the transformer parasitics are measured online, the 
variations of the parameters caused by the operating conditions 
are considered. As a result, the proposed method shares the 
same accuracy with the online measurement method. 

The proposed method has been validated by the experiments.  
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