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Abstract-- This paper proposes a modulation method that 
can significantly reduce the ripple current and power loss of 
the DC-link capacitor of multi-drive systems. It is based on a 
derived analytical model for capacitor ripple current with an 
arbitrary number of drives connected in parallel at the DC-
link side. Both the low-frequency and high-frequency current 
components are minimized by the optimal phase shift of 
modulation and carrier signals. Benchmark studies of multi-
drive systems with 2 to 20 drives reveal that the total 
capacitor Root Mean Square (RMS) current is reduced to 
34.3%~15.9%. Proof-of-concept experimental results from 
multi-drives with identical and different individual loading 
conditions verify the theoretical analysis and effectiveness of 
the proposed method. 
 

Index Terms-- Modulation method, DC-link capacitor, 
multi-drive systems, ripple current 

I.  INTRODUCTION 
Recently, multi-drive system concepts have been used 

in industrial and residential applications [1] [2]. There are 
three typical configurations of multi-drive systems: DC 
side parallel with single AC load [3], [4]; grid-side parallel 
with multiple AC loads [5], [6]; and DC-link parallel with 
multiple AC loads [7]–[9], as shown in Table I.  

The common DC-link system has been advocated as a 
possibility for future integration of drives to reduce the 
number of conversion stages, improve reliability, and 
optimize the cost and volume, as shown in Fig.1 [10]. One 
of the concerns in such a system is the ripple current 
generated by multiple drives, which affects the long-term 
performance of the DC-link capacitor [11] [12].  

In the multi-drive system, the method in [13] considers 
the phase shifts of modulation signals to reduce the low-
order harmonics of the capacitor current. However, the 
derived model in this method has mandatory conditions to 
configure the individual rectifiers for the DC-link of each 
drive. A method is proposed to reduce the ripple current of 
the DC link capacitors by extracting the switching signals 
of the drives [14], which need the shared single AC load 
for multiple drives. Although a modulation method using 
phase shifts of carrier signals is given in [15], it can not 
deal with the effects of low-order harmonics superimposed 
by the individual loads in multi-drive systems. A method 
is presented to suppress DC link current harmonics by 
phase shifts of the carrier and the modulation signals [10]. 
However, this method cannot be used to quantitatively 
analyze the optimal phase shift in systems with more than 

two drives. 
This paper proposes a modulation scheme to minimize 

the DC-link capacitor current ripple for multi-drive 
systems with DC-side parallel and individual AC loads.  
The contribution lies in two aspects: 1) the DC-link 
capacitor ripple current is analytically derived applicable 
for systems with different number of drives connected in 
parallel; 2) the modulation scheme features with optimal 
phase-shifts of both the low-frequency modulation signals 
and switching-frequency carrier signals among the drives. 

The structure of this paper is as follows: Section II 
presents the proposed optimal modulation modeling; 
Section III gives the case study; Section IV discusses the 
experimental verification, followed by the conclusions. 
 

II.  PROPOSED OPTIMAL MODULATION 
MODELING 

 
Fig. 1: Configuration of a multi-drive system. 
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TABLE I 
THREE CONFIGURATIONS OF THE MULTI-DRIVE SYSTEMS.

 
 

 
 



 

The DC-link current of a drive consists of the DC 
component, low-frequency harmonic, and high-frequency 
harmonic [16]. The DC component idc_DC, the low-
frequency harmonic component (double-fundamental 
frequency) idcl, and the high-frequency harmonic 
component (mth-order harmonic of the carrier frequency) 
idch can be given as: 
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where IP and M represent the amplitude of the AC current 
and the modulation ratio, respectively. ωo, ωc, θo, and θc 
represent the angular velocity of the modulation signal and 
the carrier signal, the phase angle of the modulation signal 
and the carrier signal, respectively. Jn(πmM/2) is the 
Bessel function. 

Multiple drives share a common DC bus in Fig.1. The 
idcl for multiple drives can be given as: 
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where θo_i is the shift phase angles of the modulation 
signals of the ith drive, and N is the number of drives. 

The magnitude of the low-frequency harmonic current 
Idcl_mag can be simplified as: 
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The high-frequency harmonic current of the mth-order 

carrier frequency idch(m) can be expressed as: 
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where θc_i represents the phase shift angles of the carrier 
signals of the ith drive.  

The magnitude of the mth-oder harmonic of the carrier 
frequency Idch(m)_mag can be simplified as: 
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Fig. 2: Optimal phase shift of modulation and carrier signals. 

 
Fig. 3. Proposed optimal modulation scheme. 
 



 

According to (3), when the 2θo_i in multi-drive systems 
is equally divided into 360°, thus low-frequency current 
harmonics can be completely canceled, as shown in Fig. 
3(a). According to (5), the 2θc_i can also be equally divided 
into 360°, which can significantly reduce the high-
frequency current harmonic components. It should be 
noted that the above phase-shifting method cannot 
eliminate all the high-frequency harmonics since Hi(m) 
magnitudes are unequal in different drives. The remaining 
high-frequency current components can be represented by 
the shaded area in Fig. 3(b).  

Since the selection of the phase shift of carrier signals 
or modulation signals depends on the number of running 
drives. The implementation of the proposed optimal 
modulation scheme is described in Fig. 3. 

When the number of drives is N, the θo_i and θc_i of the 
ith drive are: 
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When the number of drives changes (increased or 
decreased by k), it is only necessary to update the currently 
operating drives to 1 ~ (N ± k). At this time, the θo_i and 
θc_i of the ith drive are: 
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The number of operating drives can be judged by 
monitoring their output AC side current iout1 , iout2 , ..., 
ioutN . This is common practice in commercial drives to 
have output current measurement for control and 
protection purpose. 

III.  DC-LINK CAPACITOR CURRENT AND 
BENCHMARK 

Fig. 4 shows the RMS current and power loss of the DC-
link capacitors with different carrier and modulation phase 
shifts by the analytical equations with three drives. Both 
optimal phase shift angles of carrier signals and 
modulation signals are 0°, 60, and 120° when N=3, which 
agrees well with (6). 

The benchmark of the DC-link capacitor RMS current 
is further analyzed in Fig. 5. The RMS current ratios of 
DC-link capacitors, including four phase shift cases of 
carrier signals and modulation signals are compared. The 
RMS current of the DC-link capacitor with the proposed 
modulation method is only 34.3% to 15.9% of that without 
phase shift from 2 to 20 drives, respectively.  

          
Fig. 4. RMS current and power losses of DC-link capacitor by the analytical equations. (The numerical results are specific to the system with the 
specifications shown in Table I discussed later in Section IV; results in Fig. 4(b) is calculated based on the frequency-dependent equivalent series 
resistance (ESR) values and DC-link capacitor ripple current spectrum.) 

 

 
Fig. 5. Benchmark for the RMS value of DC-link capacitor ripple current 
 



 

IV.  EXPERIMENTAL VERIFICATION 
The experimental platform and the control schematic 

are shown in Fig. 6, where three drives are connected in 
parallel. Each drive applies a full-bridge inverter, which 
consists of four IGBTs (with antiparallel diodes). In 
addition, each drive is configured with an LC-type filter 
and a load. The control schematic is presented in Fig. 5(b), 
where a double-loop control method is adopted. Firstly, the 
reference voltage UP×sin(ω0t) is given, in which the 
voltage amplitude Up is 110 V, and the frequency ω0 can 
be changed along with different motor speed. Compared to 
the reference voltage and the measurement voltage uout_i, 
the voltage error goes through a PI voltage controller (Gv) 
to generate the reference current. Similarly, the current 
error, generated by comparing the reference current and 
the feedback current iout_i, passes through a PI current 
controller Gc to generate modulation ratios of full-bridge 
inverters. Finally, the triangular carrier (switching 
frequency is ωc_i) and the modulation ratios can generate 
the PWM signals through modulation methods, where the 
pulse signal PWMs 1-3 are set for drive system 1-3, 
respectively. It should be noted that a dead time of 200 ns 
is set in the SPWM. 

The specifications are shown in Table II, including two 
conditions for the same loading (20Ω) and individual 
loading (20Ω 25Ω 33Ω) in three drives.  

Fig. 7 shows the waveforms of the DC-side supply 
current ig, the DC bus current idc, and the capacitor ripple 
current icap with the same loading in three drives. The FFT 
analysis verifies the results that when the phase shifts of 
the modulation signal angles are 0°, 60°, and 120° in Fig. 
7(b), the low-frequency harmonics can be eliminated. 
When the phase shifts of the carrier signal angles are 0°, 
60°, and 120° in Fig. 7(b), the high-frequency harmonic 
current can be reduced. The calculation shows that the 
RMS current and power loss of the DC-link capacitor in 
the proposed optimized modulation scheme are 31.3% and 
6.5% in without optimized modulation.  

In addition, Fig. 8 shows the waveforms of the capacitor 
ripple current with individual loading in three drives. 
Through the calculation, the RMS current and power loss 
of the DC-link capacitor in the proposed optimized 
modulation scheme are 34.2% and 13.1% of that in without 
optimized modulation, which indicates that the proposed 
method is still effective with individual loading in multiple 
drive systems. 

Fig. 9 shows the results under a dynamic change of the 
number of drives in operation with three modes. Before the 
change, Mode 1 is three drives with optimal phase shifts. 
Mode 2 is when the 1st drive is turned off, the 2nd and the 
3rd drives keep the same phase shifts. In Mode 2, the DC-
side supply current ig reduces from 6.6 A to 4.4 A since the 
loading of each drive in operation remains the same. Mode 
3 is when the phases shifts of the 2nd and the 3rd drives are 
updated to the optimal ones according to (8). Comparing 
the results without and with the update of the phase shifts 
wtih two drives in Mode 2 and Mode 3, the DC-link 
capacitor RMS current is 3.8 A and 2.5 A, respectively. 
Accordingly, its power loss of DC link capacitor is 1.4 W 
and 0.56 W, respectively. The results imply that the 
performance can be maintained by updating to the optimal 
phase shifts according to the number of drives in operation. 

 
Fig. 6. Prototype of the multi-drive system. 
 
 
 
 
 
 
 
 
 
 
 
 

       
 

 

TABLE II 
SYSTEM PARAMETERS. 

DC source output voltage  150 V 
AC side output voltage  110 V 

Capacitance of DC-link capacitor 2.75 mF (100 Hz) 
ESR of DC-link capacitor 122 mΩ (100 Hz) 
LC filters on the AC side 2 mH / 40 μF 

AC side loading of three drives 
Condition 1: 20 Ω / 20 Ω / 20 Ω 
Condition 2: 20 Ω / 25 Ω / 33 Ω 

Switching frequency  5000 Hz 
Fundamental frequency 50 Hz 

Modulation ratio 0.8 
PWM dead time 5×10-7 s 

 



 

V.  CONCLUSIONS 
This digest proposes an optimal modulation method for 

minimizing the ripple current of DC-link capacitors in 
multi-drive systems. Based on the derived analytical 
model, the method can concurrently reduce the low- and 
high-frequency harmonics of DC-link capacitors and 
applicable for systems with different number and different 
loading of drives. The RMS current and power loss of the 
DC-link capacitor are reduced to 31.3% and 6.5% (with 
same identical loading condition), 34.2% and 13.2% (with 
different loading condition), respectively, compared to that 

of no phase shift, for an experimental setup with three 
drives based on the proposed method. 
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