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Abstract
Capacitors are widely used in pulsed magnet power supplies to reduce ripple voltage, store energy, and decrease power vari-
ation. In this study, DC-link capacitors in pulsed power supplies were investigated. By deriving an analytical method for the 
capacitor current on the H-bridge topology side, the root-mean-square value of the capacitor current was calculated, which 
helps in selecting the DC-link capacitors. The proposed method solves this problem quickly and with high accuracy. The 
current reconstruction of the DC-link capacitor is proposed to avoid structural damage in the capacitor’s current measure-
ment, and the capacitor’s hotspot temperature and temperature rise are calculated using the FFT transform. The test results 
showed that the error between the calculated and measured temperature increases was within 1.5 ◦C . Finally, the lifetime 
of DC-link capacitors was predicted based on Monte Carlo analysis. The proposed method can evaluate the reliability of 
DC-link capacitors in a non-isolated switching pulsed power supply for accelerators and is also applicable to film capacitors.
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1  Introduction

With the development of proton synchrotrons [1–3] and 
heavy-ion accelerators [4–6], the repetition cycle of the 
beam has shortened. The beam must be accelerated to high 
energy quickly, so the pulsed power supply must have a fast 
current rise rate and high tracking accuracy [7]. The magnet 
and magnetic excitation power supply constitute a magnetic 
field system, one of the accelerator’s main components. The 
pulsed power supply requires a high-precision current and 
a wide range of high voltages, and the output power is very 
large. Morita et al. [1] introduced the main-ring (MR) power 

supply for the Japan Proton Accelerator Research Complex 
(J-PARC). An energy storage device composed of capacitor 
banks (CBs) was studied to suppress the power variation in 
the electrical system. Peron et al. [2, 3] reported a new power 
supply for the CERN proton-synchrotron (PS) accelerator 
based on three-level converters with capacitive energy stor-
age. The DC-link capacitor banks between AFE and the DC/
DC converters store and exchange energy with the magnets. 
The reliability of the pulsed power supply transforms into 
the reliability of power devices, which is an extensive study 
topic [8–10] and that of the aluminum electrolytic capaci-
tor [11, 12].

Aluminum electrolytic capacitors have long been widely 
used in power electronic equipment owing to their large 
capacitance and low cost. DC-link capacitors are essential 
components that compensate for the instantaneous power 
difference between the front and rear ends of the power con-
verter and reduce the voltage ripple. They are considered one 
of the most fragile parts of power electronic systems [13], 
affecting the volume and reliability of power supplies. In 
general, three types of capacitors are used in DC-link appli-
cations: Metallized Polypropylene Film Capacitors (MPPF-
Caps), Aluminum Electrolytic Capacitors (Al-Caps), and 
multilayer ceramic capacitors (MLC-Caps) [11]. The design 

This work was supported by the National Key Research and 
Development Program of China (No. 2019YFA0405402).

 *	 Hong‑Bin Yan 
	 yanhb@impcas.ac.cn

1	 Institute of Modern Physics, Chinese Academy of Sciences, 
Lanzhou 730000, China

2	 School of Nuclear Science and Technology, Lanzhou 
University, Lanzhou 730000, China

3	 School of Nuclear Science and Technology, University 
of Chinese Academy of Sciences, Beijing 100049, China

http://orcid.org/0000-0002-2198-7305
http://orcid.org/0000-0002-0414-7216
http://orcid.org/0009-0009-8555-657X
http://orcid.org/0000-0002-0023-8217
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-024-01470-w&domain=pdf


	 J. Wang et al.151  Page 2 of 13

of a DC-link capacitor must consider the ripple current of 
the capacitor. The current calculation of the capacitor root-
mean-square (RMS) can effectively guide the capacitor 
selection and avoid volume and weight oversizing. Ahmad 
et al. [14] evaluated the DC-link capacitor RMS current of 
a switched reluctance motor (SRM) drive. Huang et al. [15] 
calculated the ripple current in a DC-link capacitor for 
brushless DC motor (BLDCM) square-wave control sys-
tem. Kolar et al. [16] derived a simple analytical expression 
for the current stress on a DC-link capacitor caused by the 
load-side inverter of a voltage DC-link converter system. 
This expression is widely used in the calculation of DC-
link capacitor RMS calculation in many inverters, but it is 
not applicable to DC/DC converters. Therefore, this study 
derives an analytical expression for the RMS value of the 
DC-link capacitor current based on the topological states of 
the pulsed power supply.

Hotspot temperature is a significant factor that affects 
the capacitor’s lifetime. Capacitor hotspot temperature cal-
culation methods include finite element simulation [17], 
measured directly by using a thermocouple [18] or opto-
coupler [19], or using an infrared camera (IR camera) [20]; 
the measurement method based on the IR camera can only 
measure the case temperature, but cannot obtain the internal 
temperature; the finite element simulation needs to establish 
three-dimensional geometric modeling inside the capacitor 
and provide the external dimensions and thermal character-
istics parameters of the corresponding materials. Capaci-
tor manufacturers usually do not provide these parameters, 
which are difficult to achieve, and the accuracy is sometimes 
questioned. In some studies, the temperature analysis of the 
capacitor was verified through the case temperature, which 
lacked the direct verification of hotspot temperature meas-
urements. The hotspot temperature was directly measured, 
and the experimental results were found to be more reliable.

The lifetime of an aluminum electrolytic capacitor is 
mainly determined by the ambient temperature and rip-
ple current, and a low lifetime is a major constraint [21]. 
Thermal stress is a key factor in capacitor wear, leading to 
a shortened lifetime [11]. In grid-connected photovoltaic 
(PV) systems, Yang et al. [19] translated real-field mission 
profiles (i.e., solar irradiance and ambient temperature) into 
the voltage, current, and temperature stresses of DC capaci-
tors under both normal and abnormal grid conditions. For 
metro traction drive systems, the DC-link capacitor cur-
rent harmonics of multiple operating conditions and dif-
ferent control methods have been discussed to evaluate the 
hotspot temperature and case temperature [17]. Combined 
with the analysis of electrical and thermal stresses, a multi-
timescale capacitor reliability evaluation method was pro-
posed. Wang et al. [22] presented the lifetime estimation 
of DC-link capacitors in adjustable speed drives (ADSs); 
under balanced and unbalanced grid voltage conditions, a 

reliability evaluation method with long-term mission profile 
is proposed. The reliability of capacitors has also been inves-
tigated from several perspectives, such as condition monitor-
ing [23, 24] and accelerated testing [18]. In this study, the 
reliability of capacitor banks was evaluated based on hotspot 
temperature under pulsed power supply applications.

An analytical calculation of the RMS value of the DC-
link capacitor current is presented in detail in the following 
section. Section 3 outlines the hotspot temperature, consid-
ering current reconstruction and electrothermal coupling. 
In Sect. 4, we present the experimental verification of the 
capacitor current RMS value and hotspot temperature, and 
the results demonstrate the effectiveness of the proposed 
method. Section 5 describes the lifetime prediction of capac-
itor banks under different conditions using a Monte Carlo 
analysis.

2 � Analytical calculation of the capacitor 
current RMS value

2.1 � Topology of pulsed power supply

The typical topology of a non-isolated switching-pulsed 
power supply is shown in Fig. 1, which consists of a front-
end voltage source Vdc, DC-link capacitors C, IGBT mod-
ules S1-S4, and a resistance-inductance load R–L. The 
front voltage source provided a DC voltage that satisfied the 
power and voltage ripple requirements of the rear stage. In 
low-power situations, many programmable DC power supply 
products are used as the front voltage source with single-
phase rectifier circuits; in medium- or high-power applica-
tions, commonly used circuits include three-phase uncon-
trolled rectifiers, three-phase bridge thyristor rectifiers, and 
three-phase PWM rectifiers. H-bridge choppers are divided 
into types A, D, and E, corresponding to the one-, two-, 
and four-quadrant operating modes, respectively [25]. This 
article discusses a D-type chopper with a positive load cur-
rent and positive or negative load voltage. In the descending 

Fig. 1   The typical H-bridge topology of non-isolated switching 
pulsed power supply for accelerator
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section of the pulsed current, the load voltage may be nega-
tive owing to the load inductance. In this figure, ic denotes 
the capacitor current, i1 is the output current of the front-end 
voltage source, and i2 is the input current of the H-bridge.

The DC-link capacitor current ic is obtained as

i1 and i2 can be decomposed into DC and AC components 
as follows:

where I1,avg and I2,avg denote the DC components of i1 and i2 , 
respectively; i1,ac and i2,ac represent the AC components of i1 
and i2 , respectively. The capacitor ripple current is defined 
as the AC current flowing through a capacitor. Therefore, 
instead of Eq. (1), ic is expressed as follows:

The RMS value of the capacitor current Ic,rms can be obtained 
from [16]:

where I1,ac,rms and I2,ac,rms are the RMS values of the i1 and 
i2 AC components, respectively. The capacitor RMS cur-
rent is composed of the output current of the front-end 
voltage source and the current component caused by the H 
bridge. When the front-end is a voltage source, I1,ac,rms can 
be ignored, and only the current caused by the H-bridge can 
be calculated, Ic,rms = I2,ac,rms , Eq. (4) can be simplified as 
follows:

where Irms denotes the DC-link RMS current and Iavg repre-
sents the DC-link average current.

2.2 � Calculation of DC‑link capacitor RMS current

The reference current patterns are shown in Fig. 2, where 
the pulsed current has two DC regions at 10 A and 300 A, 
flat top and flat bottom, which are used for beam injection 
and extraction, respectively. The reference current increases 
from 0 to the flat-bottom value, increases to the flat-top 
value, and then decreases to 0 with different slopes. The 
parameters of the current waveform are listed as: the rising 
time and falling time are 0.128 s, the flat top current is 300 A 
or 500 A, the flat bottom current is 10 A, the flat top time 
and the flat bottom time are 10 ms and 2 ms, respectively, 
and the current period is 0.396 s. The pulsed power supply 
repeatedly outputs current.

The load voltage of a pulsed power supply is related to the 
load parameters, current value, and current rate of increase. 

(1)ic = i2 − i1,

(2)i1 = I1,avg − i1,ac, i2 = I2,avg − i2,ac,

(3)ic = i2,ac − i1,ac.

(4)I2
c,rms

= I2
1,ac,rms

+ I2
2,ac,rms

,

(5)I2
c,rms

= I2
2,ac,rms

= I2
rms

− I2
avg

,

Based on the characteristics of the resistive load, the load volt-
age Vload can be described as [26]

where Iref denotes the reference current and dIref∕dt repre-
sents the slope of the reference current pattern; R and L rep-
resent resistance and inductance, respectively. The H-bridge 
operates in the double-frequency chopping mode, and the 
IGBT duty ratio D can be expressed as

where Vdc denotes the DC-link voltage. When the power sup-
ply is working, switches S1 and S4 and the freewheeling 
diodes work in parallel with them. The power supply outputs 
pulsed or direct current. When the duty ratio of IGBT is 
greater than 50%, switches S1 and S4 have a common con-
duction time, in which the energy flows to the magnet load 
from the front stage with frequency doubling and chopping; 
when the duty ratio of IGBT is less than 50%, there is no 
time for S1 and S4 to conduct together, and the energy is fed 
back from the load to the front stage. The output duty ratio 
Do is defined as

The output duty ratio is analyzed in the following section. 
During the switching cycle, the power supply switched 
between different states. Figure 3 presents the four operat-
ing states. State a indicates that the energy flows from the 
front stage to the magnet, states b and c are in a freewheeling 
state, and state d indicates that the energy of the magnet is 
fed back to the front stage. When Vload > 0 , i.e., Do > 0 , the 

(6)Vload = L
dIref

dt
+ IrefR,

(7)D =

Vload

Vdc

+ 1

2
,

(8)Do =
Vload

Vdc

.

Fig. 2   Reference current pattern
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operating state is switched between the states a, b, and c, and 
When Vload < 0 , i.e., Do < 0 , the working state is switched 
between the states d, b, and c.

To analyze the current in the circuit under different operat-
ing conditions, assuming that the initial voltage of the capaci-
tor is M and the initial current of the inductor is N, and based 
on the Laplace transform, some circuit equations are listed to 
solve the inductor current under state a. The inductor current 
iL and input current of the H-bridge i2 can be obtained as

iL and i2 in states b and c are expressed as

iL and i2 under state d are given by

(9)

iL(t) = L
−1

[
N

(s + R∕L)
+

Vdc∕L

s(s + R∕L)

]

= N ⋅ e
−

R

L
t
+

Vdc

R

(
1 − e

−
R

L
t
)

i2(t) = iL(t)

(10)
iL(t) = L

−1

[
N

(s + R∕L)

]
= N ⋅ e

−
R

L
t

i2(t) = 0

In summary, the expression for the input current of the 
H-bridge i2 is:

where T is the period after frequency doubling, which is 
equal to 1∕2fs , fs denotes the switching frequency. The DC-
link RMS current Irms and DC-link average current Iavg are 
given by

Combining Eq.  (5), the capacitor RMS current Ic,rms is 
obtained as follows:

(11)

iL(t) = L
−1

[
N

(s + R∕L)
−

Vdc∕L

s(s + R∕L)

]

= N ⋅ e
−

R

L
t
−

Vdc

R

(
1 − e

−
R

L
t
)

i2(t) = −iL(t)

(12)

i2(t) =

{
N ⋅ e

−
R

L
t
+

Vdc

R

(
1 − e

−
R

L
t
)
, 0 < t < D0T;

0, D0T < t < T;
D0(t) > 0;

i2(t) =

{
−N ⋅ e

−
R

L
t
+

Vdc

R

(
1 − e

−
R

L
t
)
, 0 < t < |D0T|;

0, |D0T| < t < T;
D0(t) < 0;

(13)

⎧⎪⎨⎪⎩

Irms =

�
1

T
∫ T

0
(i2)

2dt

Iavg =
1

T
∫ T

0
i2dt

Fig. 3   The operation status of the H-bridge topology
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3 � The hotspot temperature calculation

3.1 � Capacitor current reconstruction

In practical pulsed power supply applications, capacitors are 
usually connected through stacked busbars, making it diffi-
cult to measure the current flowing through a DC-link capac-
itor using a current sensor. If a current sensor is installed, it 
damages the main circuit structure. To solve this problem, 
this study proposes a capacitor ripple current reconstruction 
method for pulsed power supplies.

The accelerator power supply requires minimal voltage 
ripple and extremely high current accuracy, LC filters are 
also added to the chopper output stage. By designing the 
filter and increasing the switching frequency, the output 
current index can be further improved and ultimately meet 
the requirements of the accelerator power supply outputs. 
A schematic of the pulsed power supply is shown in Fig. 4, 
where Lf and Cf represent the filter inductance and capaci-
tance, respectively, which reduce the voltage and current 
ripples, io and Vo are the current and voltage at the bridge 
output point, respectively.

ic is determined using i1 and i2 . i1 can be measured using 
current sensors. i2 cannot be measured because of the practi-
cal connections of the stacked busbar. When the H-bridge 
is in state a, i2 is equal to io ; when the H-bridge is in states b 
and c, i2 equals zero; and when the H-bridge is in state d, i2 
equals −io . Therefore, i2 is reconstructed using io.

In addition, the H-bridge states can be reflected by Vo , 
where Vo is equal to Vdc in state a, Vo is equal to 0 in states b 
and c, Vo is equal to Vdc in state d.

Due to ic=i2–i1 , ic can be reconstructed. Table 1 presents 
the principles of capacitor ripple current reconstruction. 
The capacitor current can be reconstructed based on these 
principles.

(14)Ic,rms =

√
I2
rms

− I2
avg

.

3.2 � Thermal model of capacitor

An equivalent model of an aluminum electrolytic capaci-
tor is shown in Fig. 5, where ESR denotes the equivalent 
series resistance, L is the equivalent series inductance, and 
C is the capacitance. The impedance Zc of the capacitor is 
expressed as follows  [19]:

where f denotes the frequency. This indicates that the imped-
ance is dominated by capacitance C in the low-frequency 
range, ESR in the mid-frequency range, and L in the high-
frequency range. ESR varies with frequency. The thermal 
characteristics of a capacitor can be modeled using a ther-
mal network, as shown in Fig. 5, where Rthhc is the thermal 
resistance from the hotspot to the case, Rthca is the thermal 
resistance from the case to the ambient environment, and Rth 
is the total thermal resistance, Rth = Rthhc + Rthca . Th , Tc , and 
Ta are the hotspot, case, and ambient temperatures, respec-
tively  [27]. During operation, the capacitor current Irms 
causes a power loss owing to the equivalent series resistance.

The heat in a capacitor is mainly generated by power 
loss, which is closely related to the ESR and ripple cur-
rent. The capacitor current varied with the operating con-
ditions of the power supply. The frequency spectrum of the 
capacitor ripple current was analyzed using FFT combined 

(15)Zc = ESR + j2�fL +
1

2�fC
,

Fig. 4   The Schematic diagram of power supply

Table 1   DC-link capacitor current reconstruction scheme

States H-bridge switch in 
"ON" state

Vo i2 ic

a S1, S4 Vdc io io − i1

b S1 0 0 −i1

c S4 0 0 −i1

d – −Vdc −i
o

−io − i1

Fig. 5   The electrical and thermal models of aluminum electrolytic 
capacitor
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with ESR at different frequencies, and the power loss Pc,loss 
can be expressed as [19]

where ESR(fi) is the ESR of the capacitor at frequency fi ; 
Irms(fi) is the RMS value of the capacitor ripple current at 
frequency fi ; and n is the number of frequency components.

An aluminum electrolytic capacitor (CECTN, 
FE50400103M5D5D1) was tested as the research sub-
jects. The size of the capacitor is 91 mm ×130 mm (diam-
eter × height); the rated voltage and capacitance is 400 V, 
10,000 μ F; the ESR is 12 mΩ (20 ◦C , 120 Hz). The thermal 
resistance Rth provided by the manufacturer was 2.75 K/W. 
Since the ESR varies with frequency, the capacitor manufac-
tures normally specify a term called “ripple current coeffi-
cient” Ffi and is expressed as:

where f0 is the rated frequency, usually at 120 Hz, ESR(f0) 
is the ESR of the capacitor at 120Hz, ESR(f0) = 12mΩ . 
Table  2 lists the Ffi values for the capacitor ESR 
characteristics.

Combining Eqs. (16) and (17), the power loss Pc,loss is given 
by

The temperature increase ΔT  at the center of the capacitor 
is given by

The hotspot temperature of DC-link capacitor Th is obtained 
as follows:

where Ta represents the ambient temperature.

(16)Pc,loss =

n∑
i=1

ESR(fi) × I2
rms

(fi),

(17)Ffi =

√
ESR(f0)

ESR(fi)
,

(18)Pc,loss =

n∑
i=1

I2
rms

(fi) ×
1

F2
fi

× ESR(f0).

(19)ΔT = Pc,loss × Rth.

(20)Th = Ta + ΔT ,

Considering the Pc,loss calculation under the condition 
of 0.05 F capacitance and a pulsed current of 500 A as 
an example, Table 3 lists the Pc,loss solution process. The 
data for fi and Irms(fi) are presented in Fig. 9c, which were 
obtained through FFT of the capacitor current. We consider 
the frequencies, including low frequency 2.5 Hz, switching 
frequency 2, 4, 6,… , and 16 times. An important harmonic 
current component of the capacitor, 2.5 Hz, is the frequency 
of the pulsed current. In the relationship between ESR and 
frequency, the frequency belongs to the area of extremely 
low frequency, and the ESR at 2.5 Hz was obtained by fit-
ting. The ripple current correction coefficient parameter at 
2.5 Hz was 0.32. In the hotspot temperature calculation for 
the capacitor, the maximum contribution was the RMS cur-
rent at 2.5 Hz. The power loss Pc,loss was 13.24 W, and the 
estimated temperature increase ΔT  was 36.4 ◦C.

4 � Experimental verification

A pulsed power supply experimental platform was estab-
lished as shown in Fig. 6. The front-stage voltage source 
module is a PDB 400 V/100 A power supply that pro-
vides DC-link voltage and charges DC-link capacitor. The 
capacitor bank value was designed as 0.09 F/400 V or 
0.05 F/400 V, consisting of nine or five capacitors placed 
in parallel and fixed on a stacked busbar. Two half-bridge 
IGBT modules (FF1400R17IP4) constitute the H-bridge. 
After the Lf − Cf low-pass filter, a solenoid corresponding 
to inductor L in series with resistance R is used as the load. 
The gate signals of S1 and S4 were controlled by pulse-
width modulation (PWM), whereas S2 and S3 were invari-
ably closed, and their antiparallel diode freewheeling was 
utilized. The two IGBT modules were placed on a high-
efficiency water-cooled heatsink. The specifications of the 
experimental setup are listed in Table 4.

A laminated busbar is a multilayer compacted connec-
tion between power electronic devices that minimizes stray 

Table 2   Ripple current 
coefficients of the capacitor

Frequency (Hz) Ripple current 
coefficient Ffi

2.5 0.32
120 1
300 1.15
1000 1.21
10k 1.12
20k 1.06

Table 3   A calculation case of P
c,loss

P
c,loss

=13.24 W, ΔT = P
c,loss

× R
th
= 13.24 × 2.75=36.4 ◦C

i fi (Hz) Irms(fi) (A) Ffi Pc,loss(fi) (W)

1 2.5 10.19795 0.32 12.18728
2 18997.5 8.93195 1.06 0.85204
3 37997.5 2.9364 1.06 0.09209
4 57,000 2.0438 1.06 0.04461
5 76,000 1.3358 1.06 0.01906
6 95,000 1.3703 1.06 0.02005
7 114,000 0.8775 1.06 0.00822
8 133,000 1.0056 1.06 0.01080
9 152,000 0.7002 1.06 0.00524
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inductance in the circuit and reduces overvoltage, while the 
IGBT turns off. It is not convenient to measure the capaci-
tance current directly when laminated busbar connections 
are used. The capacitor of the DC-link capacitor bank was 
extended to the connecting wire using copper bars, and a 
Rogowski Coil CWT6B probe was used to measure the 
capacitor ripple current. The temperature of the capaci-
tor was measured using a type-K thermocouple sensor 
integrated into the internal center of the capacitor with an 
accuracy of ±1.5 ◦C . Figure 6 shows a sample aluminum 
electrolytic capacitor with an embedded thermocouple. All 
capacitors in the DC-link capacitor bank were equipped with 
a thermocouple to measure the temperature. The thermocou-
ple was connected to a multichannel data logger keysight 
34972A to obtain the hotspot temperature of the capaci-
tor. Two DCCTs were used to measure the current at the 
bridge output point and the current of the front-end voltage 
source, and a high-voltage probe was used to measure the 
load voltage.

4.1 � Verification of DC‑link capacitor RMS current

This section presents the analytical calculation of the 
capacitor RMS current in Sect. 2. The RMS value of the 
capacitor current can be obtained by calculating the RMS 
value of the AC component i2 . According to Eq. (9) into 
Eq.  (11), the waveform of i2 can be analytically calculated. 

In addition, the waveform of i2 can be obtained by estab-
lishing a simulation model using a simulation software. 
The capacitor current waveform icap could also be meas-
ured on the experimental platform.

Figure 7 shows the simulation, experiment, and analyti-
cal calculation of a single-capacitor current waveform at 
a pulsed current of 300 A and a DC-link capacitance of 
0.09 F. The simulation waveform is the waveform of i2 
obtained using the simulation model. The experimental 
waveform is the waveform of the AC component of the 
capacitor current measured by the current probe, and the 
waveform of the proposed method is the waveform of i2 
obtained by analytical calculation. The analytical calcula-
tion results for the capacitor current are consistent with 
the experimental results. The DC component of i2 in the 
simulation was I2,avg=0.8786 A. and the DC component 
of i2 for the analytical calculations is I2,avg=0.8979 A. The 
two i2 values are shown in Fig. 7. DC-link capacitors are 
discharged during the rapid rise in current and charged in 
the rapidly falling section of the current.

Fig. 6   (Color online) Pulsed 
power supply experimental plat-
form and a sample of aluminum 
electrolytic capacitor with 
embedded thermocouple

Table 4   Experimental parameters

Parameters Value

Switching frequency, fs (kHz) 9.5
DC-link voltage, Vdc (V) 200
DC-link capacitor, C (F) 0.09
Filter capacitor, Cf ( �F) 75
Filter inductance, Lf (mH) 0.1
Load resistance, R (mΩ) 43
Load inductance, L (mH) 10

Fig. 7   (Color online) Experiment, simulation, and analytical calcula-
tion waveform of a capacitor
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From these three current waveforms, we obtained the 
current RMS values. Table 5 lists the RMS values of the 
capacitor currents obtained from the experiment, simula-
tion, and the proposed method under different DC-link 
capacitances and pulsed currents. The proposed method 
values represent the RMS value of the AC compo-
nent of i2 obtained by the analytical calculation, that is, 
Ic,rms = I2,ac,rms , the simulation values are the RMS values 
of the AC component of i2 obtained by simulation, and the 
experimental values are the RMS values of the AC com-
ponents of the measured capacitor current. The errors in 

the experimental results were within 1.41 A, proving that 
the proposed method is effective and accurate.

4.2 � Experimental verification of the hotspot 
temperature

Figure 8 shows the measured capacitor current and volt-
age waveforms for different pulsed currents and numbers of 
DC-link capacitors. According to the experimental results, 
in the current rising stage from the flat base to the flat top, 
DC-link capacitors discharge and provide energy to raise the 
load current, and in the current falling stage from the flat-top 
to the 0-value, the capacitor is charged to store the energy 
feedback from the load.

Figure 9 shows FFT plots of the capacitor ripple cur-
rent. The frequency spectrum plots show that the harmonic 
component is concentrated at two, four, and six times the 
switching frequency, consistent with frequency-doubling 
chopping. The larger the output pulsed current and the fewer 
the capacitors connected in parallel, the higher the RMS 
harmonic component of the capacitor current.

The curves of the hotspot and ambient temperatures of 
the Al-Cap under different conditions are shown in Fig. 10. 
An increase in the capacitor ripple current increases the 
capacitor temperature. The hotspot temperature stabilized 
after 6 h of operation, and the average temperature of the 

Table 5   Capacitor RMS current obtained from proposed method, 
experiment, and simulation in different reference current

300 A 400 A 500 A

0.05 F Proposed method I2,ac,rms 12.51 16.60 19.90
Experiment Icap,rms 12.81 17.76 21.31
Simulation I2,ac,rms 12.71 16.87 20.04
Error(exp.-mod.) 0.3 1.16 1.41

0.09 F Proposed method I2,ac,rms 7.22 – 12.02
Experiment Icap,rms 7.54 – 13.24
Simulation I2,ac,rms 7.30 – 12.16
Error (exp.-mod.) 0.32 – 1.22

Fig. 8   (Color online) Measured capacitor current and voltage waveform. a 9-Caps, 500 A pulsed current; b 9-Caps, 300 A pulsed current; c 
5-Caps, 500 A pulsed current; d 5-Caps, 300 A pulsed current

Fig. 9   FFT plots of capacitor current. a 9-Caps, 500  A pulsed current; b 9-Caps, 300  A pulsed current; c 5-Caps, 500  A pulsed current; d 
5-Caps, 300 A pulsed current
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last 100 s was adopted as the experimental result to eliminate 
errors caused by fluctuations. The temperature rise results 
under different conditions are shown in Table 6. At a capaci-
tance of 0.09 F, the maximum error value of the capaci-
tor temperature rise was ±0.4 ◦C , and at a capacitance of 
0.05 F, the maximum error value was ±1.5 ◦C . This proves 
that the method can effectively evaluate the hotspot tem-
perature and temperature rise of DC-link capacitors. The 
temperature rise results calculated using the reconstructed 
and measured capacitor currents were consistent, indicating 
that the reconstructed current can be used to calculate the 
temperature rise efficiently.

In addition, the number of capacitors decreased from nine 
to five, and the experimental temperature rise at the 500A 
current increased from 13.1 ◦C to 34.9 ◦C , which shows that 
reducing the capacitance by half will result in a significant 
increase in the hotspot temperature.

5 � Lifetime prediction of DC‑link capacitor 
banks

5.1 � Monte Carlo analysis and lifetime prediction

A block diagram of the lifetime evaluation of a DC-link 
capacitor is shown in Fig. 11, which consists of two parts. 

The first part comprises an analysis of electric and thermal 
stresses. Based on the different pulsed currents, the current 
stress of the DC-link capacitor was obtained and used as the 
input for the power loss model. The hotspot temperatures 
were calculated using a thermal model. The second part 
involved a Monte Carlo simulation and lifetime prediction 
considering parameter fluctuations.

For aluminum electrolytic and film capacitors, the life-
time model is expressed as follows [11]:

where L0 is the rated lifetime under the rated temperature 
T0 and rated voltage V0 , L is the actual lifetime under the 
operating voltage V and operating hotspot temperature Th . 
The values of p1 vary from 3 to 5, and p2 = 10.

Owing to the differences in the actual capacitor manufac-
turing process, the lifetime calculated using a fixed-capac-
itor lifetime model has a large error. To solve this problem, 
Monte Carlo simulations are typically used to investigate the 
reliability of DC-link capacitors by considering the relevant 
parameter variations. This section considers two types of 
uncertainty [22]: (1) parameter uncertainty in applied life-
time models. The uncertainty of the fitting coefficient p2 is 
considered; (2) parameter uncertainty between capacitors 

(21)L = L0 ×

(
V

V0

)−p1

× 2
T0−Th

p2 ,

Fig. 10   (Color online) Measured hotspot temperature. a 9-Caps, 500 A pulsed current; b 9-Caps, 300 A pulsed current; c 5-Caps, 500 A pulsed 
current; d 5-Caps, 300 A pulsed current

Table 6   Comparison of 
calculation results and 
measurement results

Condition Flattop 
current
(A)

Ambient 
temperature
Ta ( ◦C)

Hotspot 
temperature
Th ( ◦C)

Experimen-
tal 
temperature 
rise
ΔTexp ( ◦C)

Estimated 
temperature 
rise 
ΔTest1 ( ◦C)
(Measured 
icap)

Estimated 
tempera-
ture rise 
ΔTest2 ( ◦C)
(Recon-
structed 
icap)

9-Caps 500 15.8 28.9 13.1 13.0 13.4
300 16.4 21.4 5.0 4.6 4.7

5-Caps 500 26.4 61.3 34.9 36.4 37.6
300 20.9 31.1 10.2 10.1 10.4
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of the same product part number is considered. The differ-
ence between T0 and Th was considered. All parameters in 
the analysis were modeled using a normal probability dis-
tribution function. We assume that there is a 5% change in 
p2 , L0 , and Th , with a confidence level of 90%. The specific 
parameters of the normal distribution are as follows:

where �test is a fixed value for this parameter with a confi-
dence level of 90% and z = 1.65.

When each parameter follows a normal distribution, the 
calculated capacitor lifetime also follows a normal distribu-
tion. To express the reliability of the capacitor more intui-
tively, the B1 lifetime is typically used, that is, the capaci-
tor’s lifetime when the capacitor’s cumulative failure rate 
is 1% [28]. Table 7 lists the hotspot temperature results for 
all capacitors under different experimental conditions. The 
DC-link capacitors have different temperature distributions.

Figure 12a–d depicts the B1 lifetime of capacitors under 
the condition of 300 A or 500 A pulsed current and 0.09 F or 
0.05 F DC-link capacitance, respectively. The B1 lifetimes 
calculated from the estimated Thest1 and Thest2 values are also 
listed. Under the conditions of 300 A and 0.05 F, the B1 life-
times of the five capacitors were 392, 411, 421, 460, and 489 
days, respectively. When the number of DC-link capacitors 

(22)� = �test, gma = � × 5%∕z,

was increased from five to nine, the lifetimes were 2.37 
years, 2.43 years, 3.47 years, 2.50 years, 2.50 years, 2.54 
years, 2.57 years, 2.62 years, and 2.66 years, respectively. 
Under the conditions of 500A and 0.05F, the B1 lifetimes of 
the five capacitors were 39, 42, 48, 56, and 60 days, respec-
tively. When the number of capacitors is increased from 5 
to 9, the lifetimes are 1.35 years, 1.40 years, 1.43 years, 1.46 
years, 1.47 years, 1.55 years, 1.56 years, 1.56 years, and 1.68 
years, respectively. It can be observed that connecting more 
capacitors in parallel can improve the lifetime of DC-link 
capacitors, and an imbalance of temperature in the capaci-
tors can also lead to an imbalance in the lifetime.

5.2 � Analysis and discussion

The hotspot temperature is a critical factor in the lifetime 
prediction scheme. The lifetime prediction of electrolytic 
capacitors in a pulsed power supply is limited to electro-
thermal stresses, and this study did not consider the fail-
ure mechanism in terms of humidity. Accelerated testing of 
capacitors can be implemented under real operating condi-
tions to obtain more accurate life-assessment results.

For small- and medium-power pulsed power supplies, 
such as quadrupole magnet power supplies and sextupole 
magnet power supplies, aluminum electrolytic capacitors are 
widely used as DC-link capacitors, whereas for high-pulsed 

Fig. 11   Block diagram of DC-link capacitor lifetime evaluation

Table 7   The hotspot 
temperature measurement 
results of all DC-link capacitors 
under different conditions

Condition Hotspot temperature Th ( ◦C)

Cap-1 Cap-2 Cap-3 Cap-4 Cap-5 Cap-6 Cap-7 Cap-8 Cap-9

500 A, 9-Caps 27.8 29.0 30.1 28.9 28.9 31.0 29.9 29.8 30.4
300 A, 9-Caps 21.2 21.7 22.3 21.8 21.4 22.9 22.1 22.1 22.5
500 A, 5-Caps 62.3 – 64.6 – 61.3 – 67.5 – 66.4
300 A, 9-Caps 32.0 – 33.3 – 31.1 – 34.3 – 33.6
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power supplies, such as dipole magnet power supplies, film 
capacitors may be required [29]. Although this study focuses 
on aluminum electrolytic capacitors, the method applies to 
film capacitors. Film capacitors have a lower-temperature 
increase than aluminum electrolytic capacitors owing to 
their low ESR over the entire frequency range. Film capaci-
tors have the advantages of a long lifetime, high withstand 
voltage, high current tolerance, ability to withstand back 
pressure, high reliability, etc., and are expensive.

This study contributes to the design and maintenance of 
pulsed power supplies. During the design stage, the results 
of the capacitor lifetime assessment guide the design. During 
operation, devices that may fail can be replaced promptly to 
reduce maintenance costs.

6 � Conclusion

This study proposes a complete solution for the reliability 
evaluation of DC-link capacitor of a pulsed power supply. 
Based on the circuit model under different operating states, 

a method for calculating the RMS value of the capacitor cur-
rent is presented, and the accuracy of the method is verified. 
The proposed method does not require the establishment of 
a simulation model; it only requires analytical calculations 
based on the parameters, and the solution is quick and accu-
rate. This study presents a capacitor current reconstruction 
method to measure the capacitor current without destroying 
the connection structure. Electrothermal coupling analysis 
combined with FFT was used to calculate the hotspot tem-
perature, which was experimentally verified with an error 
within 1.5 ◦C . Lifetime prediction was carried out for all 
DC-link capacitors based on Monte Carlo analysis. Thus, 
the proposed method can be applied to film capacitors. This 
study contributes to the design of highly reliable pulsed 
power-supply systems.
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Fig. 12   (Color online) B1 Lifetime of DC-link capacitor under different conditions. a 9-Caps, 500 A pulsed current; b 9-Caps, 300 A pulsed cur-
rent; c 5-Caps, 500 A pulsed current; d 5-Caps, 300 A pulsed current
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