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Abstract 

 
In this paper, the charging characteristics of series resonant type high voltage capacitor chargers considering the transformer 

stray capacitance have been studied. The principles of operation for the four operational modes and the mode changes for the four 
different switching frequency sections are explained and analyzed in the range of switching frequency below the resonant 
frequency. It is confirmed that the average charging currents derived from the above analysis results have non-linear 
characteristics in each of the four modes. The resonant current, resonant voltage, charging current, and charging time of this 
capacitor charger as variations of the switching frequency, series parallel capacitance ratio (k=Cp/Cs), and output voltage are 
calculated. From the calculation results, the advantages and disadvantages arising from the parallel connection of this stray 
capacitance are described. Some methods to minimize charging time of this capacitor charger are suggested. In addition, the 
results of a comparative test using two transformers whose stray capacitances are different are described. A 1.8 kJ/s prototype 
capacitor charger is assembled with a TI28335 DSP controller and a 40 kJ, 7 kV capacitor. The analysis results are verified by the 
experiment. 
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I. INTRODUCTION 
 In the military pulsed power system of an 

Electromagnetic Launcher (EML) or Electromagnetic Armor 
(EMA), the capacitor bank is the most commonly used energy 
storage equipment because of its advantages in regards to 
operability, cost, ease of pulse forming, expandability and 
maintenance [1], [2]. The pulsed power system of an EML is 
composed of several paralleled segments whose capability is 
hundreds of kJ ~ MJ. The capacitor charger which charges 
this capacitor bank is requisitely installed in each segment 
[2]-[4] where its high efficiency, high reliability, high power 
density, fast charging capability are simultaneously required. 
Although high power capacitor chargers have often been 
implemented through PWM topologies [5], [6], resonant 
topologies have been preferred to PWM topologies because 

the resonant topologies operate advantageously under various 
load conditions such as shorts or open circuit [7]-[9]. Among 
the various resonant topologies, the series resonant type 
topology which has a simple circuit, constant characteristic 
impedance and constant resonant frequency even in a wide 
range of load capacitances has been adopted more often for 
high voltage and high power capacitor chargers [10]-[14]. In 
the series resonant capacitor chargers for EMLs, a high 
output voltage above 10 kV is generally required. 
Accordingly, many turns in the secondary side of the 
transformer are needed, and a non-negligible stray 
capacitance arises from many turns in the secondary side. A 
capacitance which is proportional to the square of the 
secondary turns is connected to the series resonant 
capacitance in the primary side in parallel. Consequently, the 
ideal series resonant charging characteristic disappears and 
the series-parallel resonant charging characteristic appears as 
the output voltage increases. As a result, the charging time 
taken to reach a target voltage increases in comparison with 
the ideal series resonant type chargers. In a recent study 
regarding series resonant type chargers, a charging time error 
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was found between the design and the experiment [15]. In this 
paper, the charging characteristics of series resonant type 
high voltage capacitor chargers considering the transformer 
stray capacitance is studied in detail. When this charger is 
operated in the switching frequency range below the resonant 
frequency, the principles of operation include four operational 
modes. Discontinuous conduction mode I (DCM I), 
continuous conduction mode I (CCM I), discontinuous 
conduction mode II (DCM II), and continuous conduction 
mode II (CCM II) are explained and analyzed. The mode 
changes in terms of the four different frequency sections are 
explained and the average charging currents for the four 
operation modes are derived. According to variations of the 
switching frequency, series parallel capacitance ratio 
(k=Cp/Cs) and output voltage, the charging characteristics are 
analyzed in terms of the normalized peak resonant current, 
normalized peak resonant voltage and charging time. A 1.8 
kJ/s prototype capacitor charger is constructed and analyzed. 
The analysis results are verified by the experiment. 

 

II. ANALYSIS OF HIGH VOLTAGE CAPACITOR 
CHARGERS 

 

 Fig. 1 shows a full bridge series resonant type capacitor 
charger with a capacitor load. Here, the parasitic resistance of 
the circuit is neglected. All of the switches and diodes are 
considered ideal. The secondary winding capacitance of the 
transformer, which is converted to the primary side Cp, acts 
as an additional resonant component. The resonant 
inductance L is the sum of the equivalent leakage inductance 
of the transformer Llk and the inserted resonant inductance Lr. 
Cs is the inserted series capacitance and Co is the capacitance 
of the high voltage output capacitor. n is the turns ratio of the 
transformer. This capacitor charger can be operated both 

below and above the system resonant frequency ω1. However, 
in a high power capacitor charger, it is advantageous to 
operate below the resonant frequency and to use the IGBT as 
the main switching device because the switching loss can be 
minimized by zero-current turn-off. In this capacitor charger, 
the charging characteristic can be classified into four 
frequency sections, as shown in Fig. 2. The four operational 
modes (DCM I, CCM I, DCM II, and CCM II) are combined 
by each frequency section. Boundary line 1 divides the 
double pulse current (DPC) output mode and the single pulse 
current (SPC) output mode. Boundary line 2 divides the 
DCM and the CCM. The level of boundary line 1, the shape 
of boundary line 2, and the position of the boundary 
frequencies (ωsBND1, ωsBND2) are fully changed by the k value. 
The four operational modes (DCM I, CCM I, DCM II, and 
CCM II) are again divided into six operation modes (Mode 
1~Mode 6) depending on the conduction paths of S1 ~ S4 and 
D1 ~ D4. In DCM I and DCM II, there exists an additional 
discontinuous section where all of the switches and diodes 
are not conductive. 

Fig. 1. Power circuit of series resonant type capacitor charger 
considering the transformer stray capacitance. (a) 

 
(b) 

Fig. 3. Ideal waveforms of proposed capacitor charger. (a) 
DCM I. (b) CCM I. 
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Fig. 4. Common equivalent circuit of DCM I and CCM I. (a) 
Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) 
Mode 6. 
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Fig. 2. Mode change by switching frequency section (ωs <ω1). 
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A. Principles of Operation in DCM I and CCM I 
 Fig. 3 (a) and (b) show ideal waveforms in DCM I and in 

CCM I. Fig. 4 shows the equivalent circuits for the six 
operation modes which commonly appear in DCM I and 
CCM I. 

In Mode 1 [t0-t1], S1 and S2 are conductive and the positive 
resonant current ir charges Cs. Meanwhile, vcs increases. ir is 
divided into icp and i’o. icp charges Cp. i’o charges C’o since D5 
and D6 are conductive. Both vcp and v’o increase. Here, vcp is 
equal to v’o. Because icp is much smaller than ir, vcp has a 
relatively small increases in comparison with vcs. S1 and S2 
are naturally turned off at t = t1 and zero current switching 
(ZCS) is achieved. The currents ir, icp, i’o and the voltages vcs, 
vcp, v’o in mode 1 are derived as (1)~(6) and the terms 
containing ir(t0) disappear in DCM I since ir(t0) = 0. 
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In Mode 2 [t1-t2], the characteristic impedance of mode 1, 

Z1 is changed to Z2. The reversed resonant current ir (= icp) 
makes D1 and D2 conductive. A negative ir (= icp) flows. vcs 
decreases and vcp decreases until the absolute value of vcp(t2) 
is equal to vcp(t1). Since D5 ~ D8 are not conductive, i’o does 
not flow, and v’o is constant. The terms containing ir(t1) 
disappear in both DCM I and CCM I since ir(t1)= 0. The 
currents ir, icp, i’o and the voltages vcs, vcp, v’o in mode 2 are 
derived as (7)~(12). 
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In Mode 3 [t2-t3], the value of |vCp(t2)| is equal to vcp(t1) at 
t=t2. D7 and D8 are conductive. The primary side is connected 
to the secondary side like mode 1. A negative ir is divided 
into a negative icp and a positive i’o. icp reversely charges Cp, 
and i’o charges C’o again. Mode 3 in DCM I is finished when 
D1 and D2 are naturally non-conductive but mode 3 in CCM I 
is finished when S3 and S4 are forcedly conductive at t = t3. 
Actually, DCM I is divided into eight operation modes and 
there exist two modes where all of the switches and diodes 
are not conductive as shown in Fig. 3 (a). The currents ir, icp, 
i’o and the voltages vcs, vcp, v’o in mode 3 are derived as 
(13)~(18). 
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In the same manner, the currents and voltages for the t3 ~ t6 

sections can be derived using the equivalent circuit shown in 
Fig. 4 (d)(e)(f). 

 

B. Principles of Operation in DCM II and CCM II 
Fig. 5 (a) and (b) show ideal waveforms in DCM II and in 

CCM II. Fig. 6 shows the equivalent circuits for the six 

(a) 

(b) 
Fig. 5. Ideal waveforms of proposed capacitor charger. (a) 
DCM II. (b) CCM II. 
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operation modes which commonly appear in DCM II and 
CCM II.  

In Mode 1 [t0-t1], S1 and S2 are conductive, a positive 
resonant current ir charges Cs biased reversely, and vcs 
increases. icp (= ir) charges Cp and vcp increase until vcp is 
equal to v’o at t = t2. Since D5 ~ D8 are not conductive, io does 
not flow, and v’o holds v’o(t0). Mode 1 is finished when vcp(t1) 
is equal to v’o(t) at t = t1. The currents ir, icp, i’o and the 
voltages vCs, vCp, v’o in mode 1 are derived as (19)~(24) and 
the terms containing ir(t0) disappear in DCM II since ir(t0)= 0. 
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In Mode 2 [t1-t2], the characteristic impedance of mode 1, 
Z2 is changed to Z1. D5 and D6 are conductive. The primary 
side is connected to the secondary side. ir is divided into icp 
and i’o. A positive ir charges Cs, and vcs continuously 
increases. A relatively small icp charges Cp, and i’o charges 
C’o. vcp (= v’o) increases by a very small amount. The currents 
ir, icp, i’o and the voltages vCs, vCp, v’o in mode 2 are derived as 
(25)~(30). 
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)()/()( tiCCti rpopcp =              (28) 

)()/()( '' tiCCti rpooo =               (29) 

)()(' tvtv cpo =                  (30) 
 In Mode 3 [t2-t3], the characteristic impedance of mode 2, 

Z1 is again changed to Z2. At t = t2, the resonant current is 
reversed, and D1 and D2 are conductive. Because vcp(t) is less 
than v’o(t), D5 and D6 are not conductive, and the primary side 
is separated from the secondary side. ir (=icp) is circulating 
through Cp, and i’o does not flow. S1 and S2 are naturally 
conductive at t = t2 and zero current switching (ZCS) is 
achieved. Mode 3 in DCM II is finished when D1 and D2 are 
naturally non-conductive. However, mode 3 in CCM II is 
finished when S3 and S4 are forcedly conductive at t = t3. The 
terms containing ir(t2) disappear in both DCM II and CCM II 
since ir(t2)=0. The currents ir, icp, i’o and the voltages vCs, vCp, 
v’o in mode 3 are derived as (31)~(36). 
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In the same manner, the currents and voltages for the t3 ~ t6 
sections can be derived using the equivalent circuit shown in 
Fig .6 (d)(e)(f). 

 

C. Mode Changes by Switching Frequency Section 
As shown in Fig. 2, when the proposed capacitor charger is 

operated in the range of switching frequency below the 
resonant frequency, the operational modes are changed 
differently by the four switching frequency sections as the 
output voltage increases. 

Section I [ωs<0.5ω1]: Below boundary line 1, this 
capacitor charger operates in DCM I. γ1=0 at v’o=0. As v’o 
increases, γ1 also increases, and δ1 reduces. δ1=0 at v’o= v’oBND. 
Above boundary line 1, this capacitor charger operates in 
DCM II. As v’o increases, α3 gradually decreases. 

Section II [0.5ω1<ωs<ωsBND1]: This capacitor charger 
initially operates in CCM I since ωs>0.5ω1. As v’o increases, 
α2 and γ2 increase, and δ2 reduces. After ir = 0 at t = t0 and t = 
t3 (boundary line 2), this capacitor charger operates in DCM I. 
The following operation is equal to section I [ωs<0.5ω1]. 
DCM I changes to DCM II at v’o= v’oBND. 

Section III [ωsBND1<ωs<ωsBND2]: This capacitor charger 
initially operates in CCM I since ωs>0.5ω1 in common with 
section II. As v’o increases, α2 and γ2 increase, and δ2 reduces. 
At v’o= v’oBND, δ2=0, and CCM I changes to CCM II. As v’o 
continues to increase, CCM II changes to DCM II at 
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Fig. 6. Common equivalent circuit of DCM II and CCM II. (a) 
Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) 
Mode 6. 
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boundary line 2. 
Section IV [ωsBND2<ωs<ω1]: Section IV is similar to section 

III but DCM II does not appear in the end of charging 
because the value of ωs/ω1 is relatively large. Above 
boundary line 1, α4 gradually decreases as v’o continues to 
increase.  

 

D. Nonlinearity of the Average Charging Current 
In this capacitor charger, the output capacitor is an energy 

storage capacitor, and the capacitance Co is usually at the mF 
level. As a result, the transformer stray capacitance is much 
smaller than the output capacitance which is converted to the 
primary side (Cp<<C’o) and the parallel resonant current is 
much smaller than series resonant current (icp<<ir) in mode 1 
and mode 3 of DCM I and DCM II. Thus (5) and (17) can be 
approximated to (37). Equation (3) and (15) can also be 
approximated to (38). 
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Using (1) and (13), the average charging current, which is 

converted to the primary side during a half period I’o in DCM 
I, is derived as (39) and I’o in CCM I is derived as (40). 
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If the same rule (Cp<<C’o, icp<<ir) is applied to mode 2 of 
DCM II and CCM II, (29) and (27) can each be approximated 
to (37) and (38). Using (25), I’o in DCM II and CCM II is 
commonly derived as (41). 

TABLE I 

SPECIFICATIONS OF CAPACITOR CHARGER 

Parameter Value Parameter Value 

Vi [V] 300 n 11 

Vo [V] 3300 fs [kHz] 20~32 

VT [V] 3000 tc [s] at ωs = 0.5ω1 4.6 

Co [μF] 16.4 VB [V] 300 

Cs [μF] 0.243 IB (=VB/Z1) [A] 18.34 

Cp [μF] 0.1Cs ~0.5Cs PB (=VBIB) [W] 5502 

L [μH] 65 tB [s] 10 
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When an ideal series resonant type capacitor charger which 
is not considering the transformer stray capacitance is 
operated in DCM (ωs<0.5ωr), I’o is constant as (42), and the 
charging time tc can be easily derived using (43) [15].  
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However, in a capacitor charger considering the 
transformer stray capacitance, I’o is not constant in each 
operation mode such as (39), (40), and (41) because ir(tx), 
vcs(tx), Vp, αy, γy, and δy (where x=0~2 and y=1~4) are 
continuously changed as the output voltage increases. Thus it 
is very difficult to calculate an accurate charging time 
mathematically since I’o appears in combination with the four 
switching frequency sections (section I ~ section IV). 
Because of this nonlinearity of I’o, several parameters 
including the charging time are calculated by a simulation 
tool (PSIM software) in this paper. 

 

III. SIMULATION OF CHARGING CHARACTERISTICS 
 

Table I shows the specifications which are established for 
the experiment. In this capacitor charger, Cpo(=C’o+Cp) is 
connected to Cs in series so that the equivalent capacitance 
Cspo and the system characteristic impedance Z1 are nearly not 
changed even if Co becomes smaller than the original Co. 
Thus Co is set to 16.4 μF which is reduced by one hundredth 
the experimental value 1640 μF to shorten the simulation time. 
Fig. 7 shows the currents ir, icp, and io as the output voltage 
increases under the conditions of ωs = 0.6ω1 and k = 0.1. This 
capacitor charger operates in CCM I at v’o/Vi = 0.2. After that, 
it operates in DCM I at v’o/Vi = 0.8 and in DCM II at v’o/Vi = 
1.0. That is, this capacitor charger has an ideal series resonant 
characteristic in the early stage of charging because the 
conduction period (γ2) of icp is relatively short. However, it 
has a series-parallel resonant characteristic as the output 
voltage increases because the peak value and conduction 
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period (γ1, γ2) of icp gradually increase. Fig. 8 shows the 
normalized peak resonant current irpeakN(=irpeak/IB) and voltage 
vcspeakN(=vcspeak/VB) as the switching frequency, output voltage, 
and k value are changed. As the k value and v’o increase, 
irpeakN and vcspeakN totally decrease. From this effect, the rated 
current and voltage of the main switch, resonant component, 
and transformer are advantageously reduced. However, the 
average charging current is reduced so that the charging time 
tc to reach the target voltage VT disadvantageously increases. 
Fig. 9 shows the v’o curves according to the changes of the k 
value. As the k value increases, the DPC section decreases 
and the SPC section increases. As a result, tc increases. In 
addition, if VT is set up as low as possible when compared 
with Vo, tc decreases. For example, tc is smaller in VT = VT1 
than it is in VT = VT2. The smaller Cp of the transformer (or k 
value) is, the larger the average charging current and the 
larger the amount of charge which is charged to the load 
capacitor become. The larger the average charging current is, 
the smaller the charging time tc is. Therefore, the charging 
power expressed as (44) increases and the performance of the 
repetition rate of this capacitor charger is improved. When 
the Cp value (or k value) is equal to zero ultimately, the 
charger has an ideal series resonant charging characteristic. 

c

oo
CH t

VCP 5.0
=                 (44) 

Consequently, two design rules to get good performance 
from this series resonant capacitor charger are: 

 
1) Design a transformer whose stray capacitance Cp is 

minimized. 
2) Set the target voltage VT as low as possible when 

compared with the output voltage Vo. 
 

IV. EXPERIMENTAL RESULTS 
 

To verify the results of the analysis and simulation, a 
prototype capacitor charger (1.8 kJ/s at ωs /ω1=0.5) is 
constructed by using the specification that are outlined in 
Table I, as shown in Fig.10. A 40 kJ, 7 kV, and 1640 μF 
capacitor (ICAR) is used as the load capacitor and a 28335 TI 
32 bit floating point processor controller is used for 
generating the switching signal. Fig.11 show the voltage and 
current waveforms at fs=24 kHz (ωs/ω1=0.6). It has been 
verified that CCM I, DCM I and DCM II appear sequentially 
as the output voltage increases through the (a), (b) and (c) 
waveforms. This experimental result is an example of 
“Section II” of “C. Mode Changes by Switching Frequency 
Section” in chapter II. To examine the relation between Cp 
and tc, two transformers whose Cp values are different are 
tested in terms of tc. Table II shows the parameters of two 
transformers (T1 and T2) which are dissimilarly designed and 
manufactured. Fig. 12 shows photographs, longitudinal 
sections, and equivalent circuits of the secondary winding of 

T1 and T2. The charging time tc increases about 18% in the 
experimental result by using T1 when compared with the 
simulation result using an ideal transformer. For this reason, 
T2 was manufactured by three different method as follows to 
minimize the parallel stray capacitance [16]. Firstly, the layer 
insulation thickness of the secondary winding was increased. 
As shown in Fig. 12, D1 is the layer insulation thickness of 
the secondary winding of T1, and D2 is the layer insulation 
thickness of the secondary winding of T2. Here, D1 is smaller 
than D2. Secondly, the winding width of the secondary 
winding was decreased. A1 is the winding width of the 
secondary winding of T1, and A2 is the winding width of the 
secondary winding of T2. Here, A1 is larger than A2. Thirdly, 
the layer number of the secondary winding was increased. 
The layer number of the secondary winding of T1 is 6, and 
the layer number of the secondary winding of T2 is 7. As the 
layer number increases, the series connection number of the 
layer to layer capacitance (C1 or C2) increases, and the total 
stray capacitance (CW) decreases. It other words, CW2 is 
smaller than CW1. Fig.13 shows the voltage and current 
waveforms during the total charging period by using T1 
(Cp=0.034 μF, k=0.14) and T2 (Cp=0.023 μF, k=0.095) at 
fs=20 kHz, respectively. The charging times taken to reach VT 
=3 kV are 5.46 s and 5.11 s which are increased by 18 % and 
10 % in comparison with the expecting time (4.6 s) with the 
ideal transformer (k=0, Cp=0). Table III and Fig.14 show the 
experimental and simulation results of tc according to 
variations of the k value in the range of 16~26 kHz. It has 
been verified that a small transformer stray capacitance 
reduces the charging time, and improves the performance of 
the capacitor charger. 

(a) 

(b) 

(c) 
Fig. 7. ir, icp, io [x-axis: 20 μs/div]. (a) v’o/Vi=0.2. (b) 
v’o/Vi=0.8. (c) v’o/Vi=1. 

 



Journal of Power Electronics, Vol. 13, No. 3, May 2013                            335 
 

 

 
(a) 

 
 

 
(b) 

 
 

 
(c) 

 

 
(d) 

 
Fig. 8. Normalized current and voltage versus k value variation. 
(a) irpeak/IB. (b) vcspeak/VB. (c) irpeak/IB (at ωs /ω1= 0.6). (d) vcspeak/VB 
(at ωs /ω1= 0.6). 

 
 

 
Fig. 9. v’o/Vi and tc/tB versus k value variation at ωs /ω1=0.6. 
 
 

Fig. 10. 1.8 kJ/s prototype charger with 40 kJ capacitor load. 
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(a) 

 
(b) 

 
(c) 

Fig. 11. Voltage and current waveforms (CH1:vcs CH2:ir CH3:vo 
CH4:io). (a) vo= 1.1 kV. (b) vo= 2.6 kV. (c) vo= 3.3 kV. 
 

TABLE II 

COMPARISON OF TWO TRANSFORMERS’ PARAMETER 

Parameter 
Transformer1 

(T1) 
Transformer2 

(T2) 

Designed Bmax [T] 0.2 0.25 
Primary : Secondary 

[turn] 
29 : 319 23 : 253 

Primary winding 
layer number 

2 1 

Secondary winding 
layer number 

6 7 

Cp [μF] 0.034 0.023 

Llk [μH] 14.6 9.17 
 

 

TABLE III 

CHARGING TIME (EXPERIMENTAL RESULT) 

ωs / ω1 fs [kHz] 
tc [s]  

(T1, k=0.14) 
tc [s]   

(T2, k=0.095) 

0.4 16 6.78 6.36 

0.45 18 6.18 5.68 

0.5 20 5.46 5.11 

0.55 22 5.06 4.56 

0.6 24 4.62 4.11 

0.65 26 4.42 3.80 
 

  
(a)                       (b) 

  
(c)                       (d) 

CW1
C1 C1 C1 C1 C1

D1

A1

  
(e)                       (f) 

Fig.12. Comparison of the transformer1 (T1) and transformer2 
(T2). (a) Photograph of T1. (b) Photograph of T2. (c) 
Longitudinal section of T1. (d) Longitudinal section of T2. (e) 
Equivalent circuit of secondary winding of T1. (f) Equivalent 
circuit of secondary winding of T2. 
 
 

V. CONCLUSIONS 
In this paper, a series resonant type high voltage capacitor 

charger considering the transformer stray capacitance has 
been studied. The operating equations of this capacitor 
charger have been derived and analyzed in the range of 
switching frequencies below the resonant frequency. Four 
operational modes (DCM I, CCM I, DCM II, and CCM II) 
are combined by the four operating frequency sections 
(ωs<0.5ω1, 0.5ω1<ωs< ωsBND1, ωsBND1< ωs<ωsBND2, and ωsBND2 

<ωs<ω1) as the output voltage increases. The following 
features has been confirmed in this capacitor charger. First, 
each average charging current for the four operational modes 
has a nonlinear characteristic as the output voltage increases. 
Second, it is possible to minimize the rated voltage and 



Journal of Power Electronics, Vol. 13, No. 3, May 2013                            337 
 

 

current of the main components because the resonant peak 
current and voltage decrease as the transformer stray 
capacitance increases. Third, an increase of the stray 
capacitance causes a decreases of the average charging 
current and charging time. A 1.8 kJ/s prototype capacitor 
charger was constructed. The analysis and simulation results 

considering the transformer stray capacitance were verified 
by the experiment. 
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