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Abstract—Lifetime prediction of DC-link capacitors in a single
drive has been discussed before, which indicates that the capac-
itor in a standard drive meets serious reliability challenge and
in slim drive does not. However, in most of the applications,
drives are connected in parallel with the power grid. The large
amount of harmonic distortion produced by nonlinearity drives
may transmit and couple between grid and drives, which changes
the stresses of devices as well as the DC-link filters. Therefore, the
estimated results in single drive can not be extended to multiple
drives any more. This paper investigates the lifetime of DC-link
capacitors in multiple drives system. Firstly, by decoupling the
interactions among grid-connected drives, a simplified equivalent
circuit model and its analytical model to obtain the DC-link
continuous current in multiple drives is proposed, which releases
the designers from configuraing the large simulation for multiple
drives. Then, applying the lifetime prediction method, the lifetime
of DC-link capacitors in multiple drives are investigated, in terms
of types of drives, numbers of drives and grid conditions. The
results show that the lifetime of the standard drives extend in the
multi-drive systems and lifetime of the slim drives decrease in
the multi-drive systems, which break the previous mind. Finally,
based on the proposed analytical model and lifetime estimation
method, the capacitor sizing from reliability aspect for multiple
slim drives are given. The outcomes of the lifetime investigation
could be a guideline for the design of capacitive DC-link in multi-
drive systems.

Index Terms—DC-link capacitor, multi-drive systems, equiva-
lent circuit model, lifetime

I. INTRODUCTION

Grid-connected Adjustable Speed Drives (ASDs) with a
front-end diode bridge rectifier is an effective energy saving
solution for motors in various industrial, commercial, and
residential applications [1], [2]. DC-link capacitors is an
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important part of ASDs, which serves to limit the DC-link
voltage ripple, absorb harmonics, and provide a certain amount
of energy storage for abnormal and transient operations [3],
[4]. It contributes high percent of volume, cost and failure rate
in the whole drive [5], [6].

In recent years, reliability of capacitors draws extensive
attention [7–9]. The failure of these capacitors depends on both
the inherent capability of the selected capacitors (e.g., rated
voltage, rated current and rated lifetime) and the operational
conditions (e.g., electro-thermal stresses) in the field operation
[10], [11]. Depending on the structures of ASDs, different
DC-link capacitors are implemented. For the standard drives
with DC-link LC filter, Electrolytic Capacitors (E-caps) are
commonly used due to the cost effectiveness and high energy
density [12, 13, 15, 16]. However, the use of E-caps raises
reliability concern. The primary cause of its failure is due
to electrolyte evaporation or dielectric material degradation,
which highly depends on the electro-thermal stresses [17],
[18]. High ripple currents cause internal self-heating, increas-
ing the hot-spot temperature, and resulting in aging. Moreover,
it increases the Equivalent Series Resistor (ESR) over time
[19], [20]. An increase in its ESR causes more heat for a given
ripple current, thus increasing the hot-spot temperature rise
and accelerating the degradation process. In recent years, slim
DC-link drives with significantly smaller DC-link capacitance
(i.e., slim drive) implemented by film capacitor (Film-cap)
have been in the market [21], [22]. It benefits the reduction
of harmonics and volume, and has potential to improve the
reliability. Compared with the E-caps in the standard drives,
Film-cap are recognized to be more reliable due to the dry
plastic film served as dielectric, which achieves lower ESR
and higher current capability.

The lifetime prediction and benchmarking of the capacitors
in a standard drive and slim drive have been presented in
literatures [23], [24]. The quantitative results are compatible
with the theoretical discussion, where the slim drive shows
longer lifetime than standard drive with the same loading
profile [24]. However, in typical applications, drives are not
working alone, which are connected in parallel with a low-
voltage distribution network in a commercial or an industrial
segment [25]. For example, multiple water pumps connected
to a step-down transformer, multiple refrigeration and air
conditioning in a automation and dairy production, numbers
of drives on container ships, and so on [13], [14]. Whether the
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Fig. 1. Block diagram of (a) Single ASD system with standard or slim filter configuration, (b) Multi-drive systems.

reliability of DC-link capacitors in multiple drives still keep
the same with that in a single drive is the industry’s interest and
worth to study. The existing research effort regarding to multi-
drive systems mainly focus on the power quality of the grid
network. The interactions between the power grid and multiple
drives may introduce harmonics, which distort the grid current
and voltage. Based on the simulation and experimental testing,
the Total Harmonic Distortion (THD) of the grid current
in multiple drives are studied [2]. However, the relationship
between the reliability performance and the configurations
of drives (e.g., types, numbers, and load conditions) have
not been discussed before. The large amount of harmonic
distortion produced by nonlinearity drives may transmit and
couple between grid and multiple drives, which also changes
the stress of the individual DC-link filter. Therefore, the
estimated lifetime in single drive can not be extended to
multiple drives. For the investigation of the lifetime of DC-
link capacitors in multi-drive systems, following issues need
to be addressed with:

1) DC-link current causes internal self-heating, which is a
key factor of failure. For a single drive, the capacitor cur-
rent can be obtained from either experimental measurements,
simulations, or analytical models by using the time-domain
or frequency-domain analysis [25], [26]. Nevertheless, the
method cannot be simply scaled up for a system with a large
number of drives due to the significantly increased complexity;

2) In a multi-drive system, the electro-thermal stresses
and expected lifetime of the DC-link capacitors are altered
compared to that of a single-drive system. A quantitative
analysis of the impact of the number of the drives is missed in
literature for optimal sizing of the capacitors in a multi-drive
system.

This paper investigates the lifetime of the DC-link capac-
itors in multi-drive systems. It aims to find the relationship
between the lifetime and the configurations of the multi-drive
systems in terms of structures, numbers of drive, and grid
conditions. The contributions of this paper are shown below:

Firstly, an equivalent circuit model and its analytical model
for multi-drive systems are proposed to derive the DC-link
current of individual drive. In order to analyze the multi-drive
systems with both the standard drive and slim drive in different
grid conditions, the grid impedance and DC-link filters are
considered in the model. To simplify the nonlinear charac-
teristics, the heavy load operating conditions are assumed,
where the DC-link current is continuous. Secondly, applying
the lifetime prediction method [1], the lifetime of DC-link
capacitors in multi-drive systems are investigated comprehen-
sively from the following aspects: 1) lifetime benchmarking
of DC-link capacitors in both standard drives and slim drives
with scalable numbers of drives; 2) lifetime benchmarking of
DC-link capacitors under different grid conditions in multi-
drive systems (e.g. standard drives and slim drives); 3) lifetime
evaluation of DC-link capacitors in hybrid multi-drive system.
Finally, after the lifetime prediction of DC-link capacitors in
various configurations and different grid conditions, the impact
of the capacitor sizing on the lifetime of DC-link capacitors
in multi-drive systems is studied. It serves as a guideline for
proper selection of configurations of multi-drive systems and
its parameters to fulfill a certain lifetime requirement.

The rest of this paper is organized as follows. In Section
II, the overview of the multi-drive systems are described.
In Section III, an equivalent circuit model and its analytical
model for multi-drive systems to obtain the DC-link current of
individual drive is presented considering AC-side and DC-side
impedance. In Section IV, the lifetime prediction for different
configurations of multi-drive systems under different grid
conditions are investigated; The capacitor sizing criteria for
multi-drive systems from the reliability aspect are discussed
in Section V, followed by the conclusions in Section VI.

II. OVERVIEW OF A MULTI-DRIVE SYSTEMS

The configuration of a single ASD is shown in Fig. 1 (a),
where the front-end of ASD is a three-phase diode rectifier
and the rear-end is consist of an inverter. Since the diode
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Fig. 2. Block diagram of (a) Multi-drive systems, (b) Simplified model of the multi-drive systems, (c) An equivalent circuit model of the multi-drive systems.

rectifier may cause current harmonics due to the nonlinear
effects, the DC-link filter is needed to mitigate the harmonics.
The widely used harmonic mitigation solution is the standard
filter (i.g., LC filter), as shown in Fig. 1 (a). The standard
filter is implemented with large E-caps Cdc and an inductor
Ldc, where the inductor is used to reduce the line harmonics
emissions and the E-caps is used to reduce the fluctuation of
voltage. However, the standard filter is inferior in reliability
and volume aspects due to poor reliability of E-caps and the
large size of inductor as well as E-caps. Another DC-link filter
configuration is slim filter, as shown in Fig. 1 (a), which is
implemented with a small Film-cap Cslim. Slim filter is well
received in the market due to its advantages in cost effec-
tiveness and reliability aspects compared with the standard
filter. But actually, in most applications, drives are connected
in parallel at Point of Common Coupling (PCC) instead of
single drive, as is shown in Fig. 1 (b). The configuration and
parameters of multiple drives may be different and the power
of individual drive is vary. The interactions between the power
grid and drives will influence the equivalent impedance of the
multi-drive system, which may significantly affect the electro-
thermal stress of the individual DC-link capacitor, and further
influence the reliability of DC-link capacitor.

This paper focuses on the reliability of DC-link capacitor in
multi-drive systems, therefore, the current stress of capacitor
is of great importance, which is mainly determined by the
impedance of ASDs system. The impedance of single slim
drive system is determined by the DC-link slim capacitor and
the grid impedance, and the impedance of single standard
filter is determined by the DC-link E-caps, inductor and grid
impedance. The grid impedance of low-voltage distribution
network is mainly determined by the size and type of step-
down transformer and feeders. However, for the multiple slim
or standard drives system, the grid and drives interact, which

influence the impedance of individual drive. As a result, the
impedance of multiple drives system as well as the reliability
of DC-link capacitors depend not only on the grid impedance
value and parameters of drive, but also on the configuration
of the other drives connected in parallel.

III. SIMPLIFIED EQUIVALENT CIRCUIT AND ITS
ANALYTICAL MODEL

This section studies the simplified equivalent circuit model
and the analytical model of multi-drive systems. Firstly, the
simplified equivalent model of multi-drive system is intro-
duced considering the interactions among drives. Then, the
analytical model to acquire the DC-link capacitor current of
individual drive is provided.

A. Equivalent Circuit Model

When the three-phase diode rectifier is in the conduction
period, two of the input voltage sources are connected to the
DC link. The interconnection impedance between drives is
negligible, the multi-drive systems can be simplified in Fig. 2
(a) when the diodes are conducting. The load in the simplified
equivalent mode is considered as a resistor (i.e., Rload−k,
k=(1,2, . . . , n)). Therefore, the multi-drive systems in Fig. 2
(a) can be simplified in Fig. 2 (b). The DC-link filter and the
load of each drive can be modeled as a RLC or RC circuit
and expressed as an admittance Yload−n. The admittance of
multiple drives connected in parallel can be amalgamate into
Yload as shown in Fig. 2 (c). As a result, Yload of equivalent
circuit model is given as:

Yload = Yload−1 + Yload−2 + . . .+ Yload−n

=
1

Rload + jXload

(1)
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For standard drives,

Yload−n =
1 + jωCdcRload−n

Rload−n − ω2Rload−nLdcCdc + jωLdc
(2)

For slim drives,

Yload−n =
1 + jωCslimRload−n

Rload−n
(3)

Based on the analysis above, the multi-drive system can
be simplified by paralleling the admittance in DC-side. When
the type and parameters of drives are the same, multiple
admittance paralleled at DC-side can be lumped into an
admittance. Then, the current of DC-link capacitor in multi-
drive system can be obtained from one drive, which reduce
the complexity.

B. Analytical Model
The equivalent circuit model in Fig. 2 (c) enables the

analysis of multi-drive systems simpler, and it can be described
in the analytical model to obtain DC-link capacitor current
stress in multi-drive systems. For a balanced three-phase grid,

va = Vm sin θ

vb = Vm sin(θ − 2π
3 )

vc = Vm sin(θ − 4π
3 )

(4)

where va, vb and vc are instantaneous value of grid phase
voltage, Vm is the amplitude of grid phase voltage, and θ
equals to ωt. The instantaneous DC-side voltage vr in Fig.
1 can be expressed in terms of the voltage rectifier switching
functions Sa, Sb and Sc.

vr = Sava + Sbvb + Scvc (5)

Because the analysis is based on the continuous current
mode, the rectifier switching function Sa can be expressed
by the Fourier series in (6) [26]. Accordingly, Sb and Sc can
be obtained by replacing θ in (6) by (θ-2π/3) and (θ-4π/3),
respectively.

Sa =

∞∑
q=1,5,7,...

√
3

π
· (−1)

l+1

q

× {sin qu cos qθ − (1 + cos qu) sin qθ}
(6)

where q = 6l±1 (l = 0, 1, 2, . . . , q>0), u is an overlap angle.
The overlap angle of multi-drive systems can be obtained
based on the equivalent circuit model in Fig. 2 (c) [26]:

u = arccos

(
1− 2ωLgId√

3Vm

)
(7)

where Id is the dc component of DC-side current id in Fig. 2
(c). Substituting (4) and (6) into (5), the DC-side voltage vr
is given as:

vr = Vr + vrm

= Vr +
∞∑

m=6,12,18,...

(Adm cosmθ +Bdm sinmθ)
(8)

where

Vr =
3
√
3Vm
2π

{1 + cosu}

Adm =
3
√
3Vm(−1)p

2π

{
1 + cos (m+ 1)u

m+ 1

− 1 + cos (m− 1)u

m− 1

}

Bdm =
3
√
3Vm(−1)p

2π

{
sin (m+ 1)u

m+ 1
− sin (m− 1)u

m− 1

}
m = 6p (p = 1, 2, 3, . . . )

The DC-side current id can be obtained by applying the
DC-side voltage vr and the impedance at the corresponding
harmonics frequencies. Based on the equivalent circuit model
in Fig. 2 (c), the equivalent impedance circuit for obtaining
harmonic components of dc current is shown in Fig. 3.
Terminals a and b connect the diode rectifier and the DC-
link filter, where Zm is m th impedance of the load as viewed
from terminals a and b ; Zom is m th impedance of the AC-
side as viewed from terminals a and b and represents the grid
impedance; vrm is m th component of DC-side voltage vr.
From Fig. 2 (c), the m th impedance of the load of multiple
drives system is given by:

Zm =
1

Yload
(9)

The AC-side impedance Zom is not equal to the grid
impedance, and it is affected by the overlap angle u, Zom

is given by [13]:

Zom = j(2− 3u

2π
)mωLg (10)

The m th harmonic current component of DC-side current
is:

idm =
vrm

Zm + Zom
(11)

Equation (8), (9), (10) and (11) give:

id = Id +
∑

idm

= Id +
∞∑

m=6,12,18,...

√
2Idm cos(mθ − βm)

(12)

where

Id =
Vr

Rload
, Idm =

√
(A2

dm +B2
dm)/2

|Zm + Zom|

βm = arctan
Bdm

Adm
+ arctan

Im(Zm + Zom)

Re(Zm + Zom)
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TABLE I
SPECIFICATION OF THE ASDS SYSTEM AND THE DC-LINK CAPACITOR CONFIGURATION OF COMMERCIAL PRODUCT.

ASDs system specification Standard LC filter (Cdc) Slim capacitor filter (Cslim)

Rated power (kW) 7.5 Physical configurations Four 450V/680µF
electrolytic capacitor 1100V/30µF Film capacitor

Grid frequency (Hz) 50 Part number TDK. B43644A5687M TDK. B32778G0306
Grid phase RMS voltage (V) 230 ESR of single capacitor 140 mΩ @100Hz 14 mΩ @100Hz
DC-link voltage (V)@7.5kW
balanced grid voltage 535 Thermal resistance (Rth) 6 ◦C/W 13 ◦C/W

Grid impedance (Lg)(soft) 130µH Rated load lifetime 5000 hours @105 ◦C and
rated ripple current

100000 hours @70 ◦C and
rated ripple current

Grid impedance (Lg) (stiff) 2µH Ldc 1.25 mH

DC-link inductor

Communication 
interface

Power board

DC-link capacitor 
connections

Output terminals

Input terminals

Fig. 5. Experimental prototype of the motor drive with DC-link filter.

The obtained current id in (12) is the DC-side current of
equivalent circuit of multi-drive systems. Therefore, the dc
current of drive n is:

idn = Idn +
∑

idn−m

= id
Yload−n
Yload

(13)

where Idn is the dc component of DC-side current of drive
n. The DC-link capacitor current of individual drive can be
obtained from the DC-side current idn. By analyzing the
characteristics of current shunt, we can get that the harmonic
of DC-side current idn are absorbed by DC-link capacitor.

Therefore, the DC-link capacitor current equals to the har-
monic of DC-side current, which equals to

∑
idn−m.

IV. LIFETIME PREDICTION OF DC-LINK CAPACITORS IN
MULTI-DRIVE SYSTEMS

This section studies the lifetime prediction of DC-link ca-
pacitors in multi-drive systems. Firstly, the lifetime prediction
method with the proposed capacitor current analytical model
is validated step by step. Then, the impact of drives number
and the grid conditions on the DC-link capacitor lifetime are
investigated. In order to see the impact from different numbers
more clearly, the impact from other factors (such as the detail
parameters and operating conditions of individual drive) are
minimized. Therefore, the operating conditions are assumed
the same and loads are the same resistors, which can be
changed for different applications.

A. Lifetime Prediction Method of DC-link Capacitors

The lifetime prediction procedure of DC-link capacitor is
shown in Fig. 4, which is divided into two parts. The first
part is the electro-thermal loading analysis, which aims to
estimate the hot-spot temperature by using the current stress of
capacitor from different loading conditions. The obtained hot-
spot temperature serves as the input of the second part, which
is Monte Carlo simulation and lifetime prediction considering
the parameters variation in the lifetime model.
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The experiment prototype of motor drive is shown in Fig.
5 and the specification of ASDs system is shown in Table
I. The values of ASDs system specification in Table I are
based on commercial products and a real industrial condition,
where the values of standard LC filter and slim capacitor filter
are calculated according to cut-off frequency. Due to the heat
dissipation from the diode bridge, DC-link filter, and inverter,
the local temperature in the enclosure is defined as 40-60 ◦C
instead of the room temperature. The validation of equivalent
circuit model is implemented in standard drives system with
both soft (i.e. the grid impedance is 130 µH) and stiff (i.e.
the grid impedance is 2 µH) grid conditions. The results are
shown in Fig. 6 and Fig. 7, respectively. It shows that the
capacitor current stress obtained by equivalent circuit model
is almost the same with that in the conventional model with
numbers of ASDs. The analytical model studied in Section
III-B is also validated in standard drives system with soft
and stiff grid conditions, and the results are shown in Fig.
8 and Fig. 9, respectively. It shows that the DC-link capacitor
current obtained by the proposed analytical model agrees well
with that obtained by simulation and the absolute value of
difference between is less then 0.1A. It should be noted that the
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Fig. 8. Comparison between the DC-link capacitor current obtained by
simulation and analytical model in standard drives system under soft grid
condition (Lg= 130 µH).
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analytical model applied in this paper is suitable for continuous
current mode only, which is important for lifetime prediction
as heavy load condition will contribute to higher current stress
to DC-link capacitor.

The hot-spot temperature of the DC-capacitor can be es-
timated based on its ESR and the harmonic current. ESR
is frequency dependent. For example, the ESR of E-caps
decreases with the higher frequency, which is shown in Fig.
10, however, it is applicable for a certain frequency range,
after that, ESR is increasing due to skin effect.

The hot-spot temperature is given as [1]:

Th = Ta +
n∑
i=1

Rth × [ESR(fi)× I2rms(fi)] (14)

where Th is the hot-spot temperature and Ta is the ambient
temperature, which is 60 ◦C in this study. Rth is the thermal
resistance of capacitor between the hot-spot and ambient, and
the value of it is shown in Table I. ESR(fi) is the ESR at
frequency fi and Irms(fi) is the Root Mean Square (RMS)
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Fig. 11. (a) Tested case temperature in standard filter under soft grid condition,
(b) Comparison between experimental and estimated capacitor temperature in
standard filter under soft grid condition.

value of the harmonic current at frequency fi. The hot-spot
temperature of DC-link capacitor is estimated to be 70 ◦C
based on the thermal model, the ESR characteristic of E-
caps and the capacitor current. The experimentally measured
case temperature in standard filter under soft grid condition
is shown in Fig. 11 (a), and the comparison between exper-
imental and estimated temperature is shown in Fig. 11 (b).
The case temperature of capacitors is measured because the
capacitors in testing setup do not have temperature sensors
inside. The difference between the estimated and experimental
temperature is about 2 degree in Fig. 11 (b).

The lifetime prediction model used in this paper is given
as[1]:

L = L0 × (
V

V0
)−p1 × 2

T0−Th
p2 (15)

where L0 is the rated lifetime at rated voltage V0 and temper-
ature T0. V and Th are the voltage and hot-spot temperature
under operation condition. p1 is 7 to 9.4 for Film-cap, and 3
to 5 for E-caps. p2 is a coefficient assumed to be 10 [3].

Two types of parameter variations are considered in Monte
Carlo simulation: a) parameter variations in the applied life-
time prediction model; b) parameter variations due to the
difference of manufacturing process among capacitors with
the same part number. For the first type of variation, each
lifetime prediction model has its limitations owing to the
test conditions, component manufacturing process and failure

mechanism are specific. Therefore, the variation of p2 is taken
into account. For the second type of variation, the variation
of L0 and Th are taken into account because it has a direct
effect on the lifetime of capacitor. All parameters experience
5% variation with a certain confidence level (e.g., 90%) [1] by
means of normal probability distribution functions as shown
in Fig. 12.

B. Lifetime Prediction of DC-link Capacitors with Scalable
Number of Drives

In typical applications, drives are connected in parallel at
PCC (Point of Common Coupling). The interactions between
the power grid and multiple drives may influence the electro-
thermal stress of the individual DC-link capacitor, which
will further influence the reliability of DC-link capacitor.
Therefore, the relationship between the reliability of DC-link
capacitor and the number of drives is studied in this paper.

The lifetime prediction of DC-link capacitor in two types
of DC-link configuration are considered, which are standard
LC filter and slim capacitor filter. Although the rated power of
ASDs is 7.5kW, the drives operate at partial load conditions
in most application. As a result, ASDs system is considered
to operate at 5kW in this paper. It should be noted that the
higher rated power of ASDs will contribute to larger current
stress of DC-link capacitor and finally reduce the DC-link
capacitor lifetime. The electrical stress of DC-link capacitor is
highly affected by the impedance of ASDs, so the impedance
characteristics is of great importance. According to Fig. 2 (c)
and (1), the impedance of multiple standard or slim drives
system can be acquired as n (the number of ASDs connected
in parallel) times of that in single ASD:

Zn =
1

nYload−n
+ 2jωLg (16)

The impedance characteristics of multiple standard and
slim ASDs are shown in Fig. 13 (a) and (b), respectively.
It can be seen that: a) for multiple standard drives system,
the impedance at 300 Hz becomes larger with more drives
connected in parallel, which will result in the current of DC-
link capacitor decreases with more standard drives connected
in parallel; b) for multiple slim drives system, the impedance
at 300 Hz decreases first and then increases, when the number
of drives increases from 1 to 100, so as to the current stress
of dc-link capacitor increases first and then decrease; c) the
impedance of single slim ASD system at 1800 Hz is the lowest,
which will result in the current of DC-link capacitor in single
slim ASD is the largest at 1800 Hz; d) the impedance of 5
slim ASDs system at 900 Hz is the lowest, which will result in
the current of DC-link capacitor in 5 slim ASDs is the largest
at 900 Hz; e) the impedance of 10 slim ASDs system at 600
Hz is the lowest, which will result in the current of DC-link
capacitor in 10 slim ASDs is the largest at 600 Hz; f) the
impedance of 30 slim ASDs system at 300 Hz is the lowest,
which will result in the current of DC-link capacitor in 30
slim ASDs is the largest at 300 Hz.

The DC-link capacitor current spectrum of scalable standard
and slim drives under soft grid condition are shown in Fig.
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14 (a) and (b), respectively. It can be seen from the current
spectrum that: a) with more standard drives connected in
parallel, the current of DC-link capacitor decreases, which is
due to the impedance of multiple standard drive increases with
the number of standard drive increases; b) with more slim
drives connected in parallel, the current component of DC-
link capacitor mainly appears at 300 Hz; c) the largest current
component in 1, 5, 10 and 30 slim drives appears at 1800
Hz, 900 Hz, 600 Hz and 300 Hz, respectively, the reason for
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Fig. 14. DC-link capacitor current spectrum with scalable numbers of drives.

the large current component is the resonant frequency of 1,
5, 10 and 30 slim drives are close to 1800 Hz, 900 Hz, 600
Hz and 300 Hz, respectively; The obtained DC-link capacitor
current spectrum is accordance with impedance characteristics
analysis.

The estimated lifetime of DC-link capacitor in multiple
standard and slim ASDs under soft grid condition are shown
in Fig. 15 (a) and (b), respectively. It can be obtained that:
a) considering the number of standard drives increases from
1 to 100, the B1 lifetime of DC-link capacitor extended from
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Fig. 15. Lifetime estimation of DC-link capacitor in multiple standard and
slim ASDs under soft grid condition (Lg= 130 µH).

4.4 years to 8.0 years; b) the shortest B1 lifetime of multiple
slim ASDs is 4.3 years and appears at 30 slim drives, which
is due to the current of DC-link capacitor in 30 slim drives
system at 300 Hz is the largest. In order to analyze the
influence of drive numbers on the DC-link capacitor lifetime
more intuitively, the B1 lifetime versus drive numbers curve
is shown in Fig. 16 (a) and (b), in which different ambient
temperature is considered, it can be seen that: a) the B1
lifetime of multiple ASDs at same configurations becomes
lower with higher ambient temperature, and the tendency of
capacitor B1 lifetime with drives number are the same at
different ambient temperature; b) the B1 lifetime of multiple
slim ASDs changes regularly when the number of drives is
greater than 30, and the B1 lifetime of 10 slim drives is
relatively small, that is due to the impedance of 10 slim drives
in 600 Hz is the smallest. The accumulated failure at 5 years
lifetime of multiple drives system is shown in Fig. 17, it can
be seen that: a) the accumulated failure at 5 years lifetime of
standard drives decreases with the increase of drives number,
and the accumulated failure at 5 years lifetime of one standard
drive is higher than 1%; b) the accumulated failure at 5 years
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Fig. 16. B1 lifetime of multiple drives system versus drive numbers with
different ambient temperature.
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lifetime of slim drives is less than 1% except 30 and 40 drives
systems.

C. Lifetime Prediction of DC-link Capacitors with Scalable
Grid Conditions

The reliability of DC-link capacitor in multiple drives is
mainly determined by the impedance of ASDs system, and the
grid condition is one of the factors that influence the system
impedance. Therefore, the impact of grid conditions on the
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Fig. 18. Impedance characteristics of multiple ASDs system under scalable
grid conditions.

reliability of multiple drives system is studied in this section.
The results in Section IV-B show that the reliability of 30
slim drives is the lowest, therefore, the reliability of DC-link
capacitor in 30 standard and slim drives with scalable grid
conditions is studied in this section.

The impedance characteristics of 30 standard and slim
ASDs under scalable grid conditions are shown in Fig. 18
(a) and (b), respectively. It can bee seen that: a) with the grid
impedance increases from 1 µH to 200 µH, the impedance of
30 standard ASDs increases when the frequency is greater
than 200 Hz, which will result in the current of DC-link
capacitor in 30 standard drives system decreases with the grid
impedance increases; b) when the grid impedance is 10 µH,
the impedance of 30 slim ASDs at 900 Hz and 1200 Hz is
the smallest, which will result in the largest DC-link capacitor
current component at 900 Hz and 1200 Hz; c) when the grid
impedance is 50 µH, the impedance of 30 slim ASDs at 600
Hz is the smallest, which will result in the largest DC-link
capacitor current component at 600 Hz; d) when the grid
impedance is 130 µH and 150 µH, the impedance of 30 slim
ASDs at 300 Hz is the smallest, which will result in the largest
DC-link capacitor current component at 300 Hz.

The DC-link capacitor current spectrum of 30 standard and
slim ASDs under scalable grid conditions are shown in Fig.
19 (a) and (b), respectively. It can be seen from the current
spectrum that: a) with the grid impedance increases from 1 µH
to 200 µH, the current of DC-link capacitor in 30 standard
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Fig. 19. DC-link capacitor current spectrum under scalable grid conditions.

ASDs decreases; b) the current of DC-link capacitor in 30
slim ASDs mainly appears at 300 Hz, and the largest current
component at 300 Hz, 600 Hz, 900 Hz and 1200 Hz are
accordance with the analysis in impedance characteristics.

The estimated lifetime of DC-link capacitor in 30 standard
and slim ASDs under scalable grid conditions are shown in
Fig. 20 (a) and (b), respectively. It can be obtained that:
a) with the grid impedance increases from 1 µH to 200
µH, the B1 lifetime of DC-link capacitor in 30 standard
ASDs extended from 4.0 years to 7.8 years, which is due
to the electro-thermal stress of 30 standard drives system
decreases with the grid impedance increases; b) the shortest B1
lifetime of 30 slim ASDs appear at 130 µH and 150 µH grid
configurations (i.e., 4.3 years), which is due to the electro-
thermal stress of 30 slim ASDs with 130 µH and 150 µH
grid configurations are the largest; c) the longest B1 lifetime
appears at 1 µH grid configuration (i.e., 15.2years), which is
due to the electro-thermal stress of 30 slim ASDs with 1 µH
grid configuration is the smallest. The B1 lifetime versus grid
impedance curve is shown in Fig. 21, it can be seen that: a) the
B1 lifetime of capacitor in 30 standard ASDs extend when the
grid impedance becomes larger; b) with the grid impedance
increases from 1 µH to 200 µH, the B1 lifetime of capacitor
in 30 slim ASDs fluctuates, which is determined by the ASDs
impedance characteristics; c) the B1 lifetime in 30 slim ASDs
is longer than that of in 30 standard standard ASDs when the
grid impedance is less than 100 µH. The accumulated failure
at 5 years lifetime of multiple drives system is shown in Fig.
22, it can be seen that: a) the accumulated failure at 5 years
lifetime of 30 standard drives decreases with the increase of
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Fig. 20. Lifetime estimation of DC-link capacitor in 30 standard and slim
ASDs under scalable grid conditions.
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grid impedance; b) the accumulated failure at 5 years lifetime
of 30 slim drives is less than 1% except in 130 µH and 150
µH grid configurations.

D. Lifetime Prediction of DC-link Capacitors in Hybrid ASDs
System

This section studies the lifetime of dc-link capacitors in
hybrid ASDs system with multiple standard and slim drives.
From the above section, it can be seen that the DC-link
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Fig. 22. Accumulated failure at 5 years lifetime of 30 drives system versus
grid impedance.
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Fig. 23. Impedance characteristics of standard drive and slim drive in hybrid
ASDs system under soft grid conditions. Keep the total number of drive to
30 and increase the percentage of standard drive.

capacitor in 30 slim drives under soft grid has worse reliability
compared with other numbers of slim drives, which is mainly
due to the resonant frequency of 30 slim drives system is close
to 300 Hz. As a further research, the hybrid drives system
studied in this section focus on two scenarios: a) keep the
total number of drives unchanged (e.g. 30) and increase the
number of standard drive; b) keep the number of slim drives
unchanged (e.g. 30) and increase the number of standard drive.

1) Constant Total Number of Hybrid Drives: In this section,
the total number of hybrid drives is kept constant, while the
hybrid percentage of standard and slim drives varies. The
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Fig. 24. DC-link capacitor current spectrum of standard drive and slim drive
in hybrid ASDs system under soft grid conditions. Keep the total number of
drive to 30 and increase the percentage of standard drive.

impedance characteristics of standard drive and slim drive in
hybrid ASDs system under soft grid conditions are shown in
Fig. 23 (a) and (b), respectively, in which the total number of
drives is kept to 30. It can bee seen that: a) with the number of
standard drive increases from 1 to 25, one resonant frequency
reduces from 100 Hz to 60 Hz, while the other one increase
from 300 Hz to 1000 Hz; b) the resonant frequency of standard
drive and slim drive in the combination of 20 slim drives and
10 standard drives system is close to 600 Hz, which will result
in high DC-link capacitor current at 600 Hz; similarly, the
resonant frequency of standard drive and slim drive in the
combination of 10 slim drives and 20 standard drives system
is close to 900 Hz, which results in high DC-link capacitor
current at 900 Hz;

The DC-link capacitor current spectrum of standard drive
and slim drive in hybrid ASDs system under soft grid condi-
tions are shown in Fig. 24 (a) and (b), respectively. It can be
seen from the current spectrum that: a) the current of DC-link
capacitor in standard drive and slim drive mainly appears at
300 Hz and 600 Hz; b) the current component at 600 Hz is the
largest when there are 20 slim drives and 10 standard drives,
which is due to its resonant frequency is close to 600 Hz; c)
similarly, the maximum current component at 900 Hz, 1200
Hz, 1500 Hz and 1800 Hz can be explained in the same way.

The accumulated failure at 5 years for standard drive and
slim drive in hybrid ASDs system under soft grid conditions
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(a) Accumulated failure at 5 years lifetime of standard drive.

(b) Accumulated failure at 5 years lifetime of slim drive.

Fig. 25. Accumulated failure at 5 years lifetime of hybrid ASDs system under
soft grid conditions. Keep the total number of drive to 30 and increase the
percentage of standard drive.

are shown in Fig. 25 (a) and (b), respectively. it can be seen
that: a) the accumulated failure at 5 years for standard drives
is less than 1% when the number of standard drive is greater
than 15; b) the accumulated failure at 5 years for slim drives
is less than 1% when standard drive is added; c) when the
total number of drives is kept to 30 and increase the number
of standard drive, the reliability of slim drive is improved,
however, the standard drive have higher reliability only when
the number of standard drives reaches to 15.

2) Constant Number of Slim Drives: In this section, the
number of slim drives keeps constant and the total number
increases by adding multiple standard drives. The impedance
characteristics of standard drive and slim drive in hybrid ASDs
system under soft grid conditions are shown in Fig. 26 (a) and
(b), respectively. It can be seen that: a) with the number of
standard drive increases from 1 to 30, one resonant frequency
of standard drive increases from 300 Hz to 800 Hz, while
the other one reduces from 100 Hz to 60 Hz; b) the resonant
frequency of standard drive and slim drive in the combination
of 30 slim drives and 25 standard drives system is close to 600
Hz, which results in high DC-link capacitor current at 600 Hz;

The DC-link capacitor current spectrum of standard and
slim hybrid ASDs system under soft grid conditions are shown
in Fig. 27 (a) and (b), respectively. It can be seen from the
current spectrum that: a) the current of DC-link capacitor in
standard drive and slim drive mainly appears at 300 Hz and
600 Hz; b) the current component at 600 Hz is the largest when
the number of drives is the combination of 30 slim drives and
25 standard drives, which is due to its resonant frequency is
close to 600 Hz; c) similarly, the maximum current component
at 900 Hz, 1200 Hz, 1500 Hz and 1800 Hz can be explained
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Fig. 26. Impedance characteristics of standard drive and slim drive in hybrid
ASDs system under soft grid conditions. Keep the number of slim drive to
30 and increase the number of standard drive.

in the same way.
The accumulated failure at 5 years for standard drive and

slim drive in hybrid ASDs system under soft grid conditions
are shown in Fig. 28 (a) and (b), respectively, in which the
number of slim drive is kept to 30. it can be seen that: a) the
accumulated failure at 5 years lifetime of standard drives is
less than 1% when the number of standard drives is greater
than 25; b) the accumulated failure at 5 years lifetime of slim
drives is less than 1% when standard drives is added; c) when
the number of slim drive is kept to 30 and increase the number
of standard drives, the reliability of slim drives is improved,
however, the standard drives have higher reliability only when
the number of standard drives reaches to 25.

The results of two types of hybrid ASDs systems show
that: comparing with 30 slim drives system, the slim drives
in hybrid ASDs system studied in this section have higher
reliability, however, the standard drive meet relability issue
when the number is less than 10.

V. CAPACITOR SIZING OF MULTI-DRIVE SYSTEMS
CONSIDERING RELIABILITY PERFORMANCE

Section IV investigates the reliability of DC-link capacitor
in multiple standard and slim ASDs system, and the results
show that the reliability of DC-link capacitor in multiple slim
drives is sensitive to the capacitance of the DC-link capacitor
in the scalable numbers of drives and grid impedance. The
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Fig. 27. DC-link capacitor current spectrum of standard drive and slim drive
in hybrid ASDs system under soft grid conditions. Keep the number of slim
drive to 30 and increase the number of standard drive.

capacitor sizing for single ASD from the aspect of power
quality has been studied before, however, the study in multiple
slim drives system is rare. Therefore, the capacitor sizing
criteria for multiple slim drives system from the reliability
aspect is studied in this section. For the case study, the
multiple slim drives system specification is in accordance with
parameters shown in Table I. The capacitance ranges from 20
µF to 60 µF and the relationship curve between capacitance
and the resonant frequency of multiple slim drives system are
shown in Fig. 29, where the capacitor sizing criteria in 10, 30
and 50 slim drives from the reliability aspect are investigated.
It can be seen that: a) with the capacitance increases from
20 µF to 60 µF, the resonant frequency decreases from 700
Hz to 180 Hz; b) when 10 slim drives connected in parallel,
the resonant frequency decreases from 700 Hz to 400 Hz.
Especially at 27 µF, the resonant frequency is 600 Hz, which
increase the gain for 600 Hz ripple; c) when 30 slim drives
connected in parallel, the resonant frequency decreases from
400 Hz to 230 Hz. Especially at 30 µF, the resonant frequency
is close to 300 Hz, which increase the gain for 300 Hz ripple;
d) when 50 slim drives connected in parallel, the resonant
frequency decreases from 310 Hz to 180 Hz, so that the larger
capacitance values move the resonant frequency away from
300 Hz, which reduces the gain for 300 Hz ripple.

The estimated lifetime of DC-link capacitor in 10, 30 and
50 slim drives under soft grid condition are shown in Fig.
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Fig. 28. Accumulated failure at 5 years lifetime of hybrid ASDs system under
soft grid conditions. Keep the number of slim drive to 30 and increase the
number of standard drive.
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Fig. 29. Relationship between capacitance and resonant frequency of multiple
slim drives under soft grid condition using parameters in Table I.

30 (a), (b) and (c), respectively. It shows that: a) when 10
slim drives connected in parallel, the B1 lifetime of DC-link
capacitor with 27 µF is the shortest (i.e., 4.5 years); b) when
30 slim drives connected in parallel, the B1 lifetime of DC-
link capacitor with 30 µF is the shortest (i.e., 4.3 years); c)
when 50 slim drives connected in parallel, the B1 lifetime of
DC-link capacitor with 20 µF is the shortest (i.e., 1.9 years).
The relationship between DC-link capacitor B1 lifetime and
capacitance under multiple slim drives are irregular, which is
inconvenient for capacitor sizing, as a result, the relationship
curve between DC-link capacitor B1 lifetime and capacitance
under multiple slim drives are shown in Fig. 31, it shows that:
a) when 10 slim drives connected in parallel, the B1 lifetime of
DC-link capacitor with 27 µF is less than 5 years; b) when 30
slim drives connected in parallel, the B1 lifetime of DC-link
capacitor with 30 µF to 33 µF is less than 5 years; c) when
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(a) Lifetime estimation of DC-link capacitor with scalable
capacitance in 10 slim ASDs under soft grid condition

(b) Lifetime estimation of DC-link capacitor with scalable
capacitance in 30 slim ASDs under soft grid condition

(c) Lifetime estimation of DC-link capacitor with scalable
capacitance in 50 slim ASDs under soft grid condition
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Fig. 30. Lifetime estimation of DC-link capacitor with scalable capacitance
in multiple slim drives under soft grid condition (Lg= 130 µH).

50 slim drives connected in parallel, the B1 lifetime of DC-
link capacitor with 20 µF to 27 µF is less than 5 years, and
the larger the capacitance, the higher the reliability of DC-link
capacitor.

VI. CONCLUSION

This paper investigates the lifetime of the DC-link capac-
itors in multi-drive systems. An analytical model to obtain
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Fig. 31. The relationship between DC-link capacitor B1 lifetime and
capacitance under multiple slim drives.

the DC-link continuous current in multiple standard and slim
drives is provided, which makes the DC-link capacitor stress
analysis away from simulation and becomes easy to modify
and optimize. Based on the proposed analytical model and the
lifetime prediction method, the relationship between the DC-
link capacitor lifetime and the configurations of the multi-
drive systems in terms of structures, numbers of drive and
grid conditions is found. It quantifies that the impact of drive
numbers and grid conditions, which should be considered
in the concept and design phase of multiple ASDs. Based
on the case study with the presented specification, following
conclusions can be drawn :

1) In multiple standard drives, the B1 lifetime of DC-link
capacitor extend with more drives connected in parallel at
PCC, while in multiple slim drives, the shortest B1 lifetime
of DC-link capacitor appears at 30 drives configurations;

2) The B1 lifetime of DC-link capacitor in 30 standard
drives extend with larger grid impedance, while in 30 slim
drives, the shortest B1 lifetime of DC-link capacitor appears
at 130 µH and 150 µH grid impedance configurations;

3) The reliability of DC-link capacitor in slim drive is
improved by adding standard drives to the ASDs system,
however, the reliability of standard drive in hybrid ASDs
system is worse, unless the standard drive reaches to a certain
number.

4) From the reliability point of view, when multiple drives
in soft grid and heavy load condition, the value of capacitor
in 10 slim drives system grid should be selected other than 27
µF; for 30 slim drives system, the value of capacitor should be
selected other than 30 µF to 33 µF; for 50 slim drives system,
the value of capacitor should be selected larger than 27 µF in
order to keep lifetime longer than 5 years in the studied case.
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