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Abstract— DC-Link filtering capacitors occupy a significant 
volume in DC-DC-AC power conversion unit (PCU) for electric 
vehicle (EV) applications, where manufacturing costs and power 
density are related metrics and are important. Typically, the DC-
Link capacitor is sized electrically based on the desired voltage 
ripple and rms current capacity, with the latter being the ultimate 
deciding factor in the capacitor overall physical volume. This 
paper proposes a synchronous modulation strategy that matches 
the current of an interleaved DC-DC converter in discontinuous 
conduction mode (DCM) with that of the inverter-drawn current 
to significantly reduce the RMS current ripple in the DC-link 
capacitor, and thus enabling a volumetric reduction when 
considering system design and increasing capacitor lifetime. 
Simulation and experimental results are presented to validate the 
claims of this work. 

Keywords— capacitor, synchronization, DC-DC, DC-AC, power 
density 

I. INTRODUCTION 
EV configurations consisting of series-connected DC-DC 

converter and DC-AC inverter stages as shown in Fig. 1 provide 
system level cost advantage for manufacturers in that a smaller 
and more power dense battery packs can be utilized within EVs 
[1]–[3]. If increased global market penetration of EVs are to be 

realized to combat fossil fuel emission within the transportation 
industry [4], the system level component utilization must 
therefore be assessed and be optimized to meet cost, efficiency, 
and manufacturability. The metric of power density holistically 
touches the aforementioned factors, making it a significant 
figure of merit in the system design process. Therefore, 
volumetric reduction of individual components; particularly the 
passive components is vital [5]. The DC-link capacitor located 
between the DC-DC and DC-AC stages in the EV configuration 
in Fig. 1 is required to provide a suitable voltage ripple and also 
absorb RMS current. However, the RMS current rating of the 
capacitor usually determines the volume of the capacitor as 
opposed to the capacitance requirement for the application 
voltage ripple tolerance [6]. Repeated thermal cycling from 
excessive RMS current in the capacitor also significantly 
deteriorates system reliability due to film degradation [7]. It is 
consequently advantageous to reduce the RMS current in the dc-
link capacitor to increase system power density while 
simultaneously increasing the overall lifetime of the capacitor, 
thus enhancing system reliability. 

 It was proposed in [8] to make the output DC-link current 
from the DC-DC converter equal to the inverter input current 
such that no current flows theoretically into the capacitor. The 
main drawback that can be observed from this method is that a 
large reduction in the converter output ripple current is required 

 

 
 

Fig. 1 EV PCU circuit topology. 
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which is synthesized through the use of a large inductor 
operating under continuous conduction mode (CCM). As a 
result, increased switching-related losses in the inductor and also 
the switching devices (due to hard switching) alongside an 
increase in the system volume are realized. In [9], a 
synchronizing carrier modulation strategy was proposed by 
making a single-phase boost converter operate with twice the 
switching frequency of the inverter, and thus decreasing 
significantly the ripple current. However, CCM operation 
combined with doubling the switching frequency leads to higher 
losses in the switching devices and especially the inductor, thus 
decreasing lifetime and increasing cost/complexity in thermal 
management solutions for the PCU. Additionally, any power 
density increase gained from the reduction of the capacitor, is 
neutralized by the increased size of the inductor.  

A phase-shift based modulation strategy for an interleaved 
DCM boost converter operated with a variable DC bus [10]
synchronized with a two level inverter is proposed in this paper. 
This method not only reduces the RMS current in the DC-link 
capacitor leading to decreased capacitor volume and increased 
reliability, but it also allows for a reduction in the inductor 
volume due to low inductance requirements for DCM an 
enhanced efficiency with the zero-current switching (ZCS) in 
the boost stage of the PCU [11], [12] with DCM in conjunction 
with a variable dc-link voltage [13], [14]. 

II. CONVERTER OPERATING CONDITIONS 
 The control structure for the system configuration shown in 

Fig. 1 is described in this section. Typical inverter control 
methods normally are dependent on a constant DC bus voltage 
with a varying modulation index to realize motor speed and 
torque requirements. However, for the proposed control 
algorithm, a variable DC-link voltage is required, as a variable 
output current peak is also realized enhancing the RMS current 
minimization. As such, the DC-DC converter is utilized in the 
proposed control strategy to control the DC-bus voltage. 
Examining one phase of the boost converter (for simplicity and 
theoretical derivation), a turn-on time of , where  is the 
switching period, synthesizes an average converter output 
current : 

where  is the input voltage,  is the output voltage,  the 
duty cycle of the converter and L the boost inductance value. 
The duty cycle D is therefore modified accordingly to meet the 
load demand. 

Considering the DC-AC inverter stage of the system, a 
traditional space vector pulse width (SVPWM) is used to change 
the DC-link voltage into the three-phase voltages at the motor 
stator [15] with a constant modulation index MI implemented 
(synthesizing benefits in THD). The stator reference voltage can 
be derived as  As such, the average inverter 
input current (equal to the average converter out current ) is 

 in the constant torque region. The instantaneous 
current waveforms of the system are illustrated in Fig. 2 
Applying KCL at the capacitor node in Fig. 1, the current in the 
dc-link capacitor   will be the difference between the 
converter output current  and inverter input current . 
From Figure 2(c),  will be minimized when the cancellation 
between  and  is at its maximum. 

III. INVERTER CARRIER PHASE SHIFT CALCULATION AND 
CURRENT DERIVATION 

To realize maximum cancellation under the proposed control 
method, two conditions must be recognized. Firstly, the inverter 
switching frequency  must be a multiple n times of the 
converter switching frequency  corresponding to the 
number of phases in the converter. Secondly, maximum  
must occur simultaneously with the maximum . Under 
space vector modulation (SVM), any synthesized vector begins 
and is terminated symmetrically with a zero or seven vector 
applied, under which the load current is freewheeling. The 
triangular waveform responsible for the PWM generation in the 
inverter phases according to the vector reference must therefore 

                               
(1) 

 

 
Fig. 2 Instantaneous current waveforms of: (a) Converter input, (b) 

Converter output, (c) Inverter input. 
 

 

 
Fig. 3 (a) Converter output current, (b) Phase shift for inverter input 

current. 
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be shifted to synchronize  to . The phase shift, φ, as seen 
in Fig. 3 can be expressed as a sum of time interval components 

and  respectively;  is a compensation for the phase turn-
off time given as , and  a compensation for 
the zero-vector duration applied under SVM. For any desired 
synthesized vector, the duty cycles for each applied vector is 
[16]:  

where  is the vector angle. The duration of the zero vector 
is then derived as follows:  

The total phase shift  to be applied at every cycle is then 
given by:  

Considering  in Fig. 3, the RMS current  can 

geometrically be deduced to be . The 

inverter RMS input current can also be derived as 

 where  is the power factor. The 
minimized in-phase capacitor RMS current under the proposed 
synchronous conditions can therefore be expressed as the square 
root of the square of the difference of the two currents:  

From (6) under synchronization, it is advantageous to 
operate with a lower peak current (as dictated by the variable dc-
link voltage strategy) and also to operate with a high modulation 
index, in order to reduce  at any power level. 

 

IV. SIMULATION AND EXPERIMENTAL RESULTS 
With the specifications in Table 1, a PCU was simulated to 

detremine the effectiveness of the proposed synchronous control 

Table I: Prototype Specifications 

Variable Value 

 1 kW 

;  100 V; 175 V 
 20 kHz 

L 100 μH 
C 240 μF 

 4.6 A 
MI 0.9 

 

 
 

Fig. 5 Prototype and Experimental setup 

I 

 
II 

 
Fig. 4 Simulation current waveforms of: (a) Converter input, (b) 

Converter output, (c) Inverter input. 

 (2) 

 (3) 

 (4) 

 (5) 

  (6) 
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method. A power rating of 1 kW for the converter is simulated 
in MATLAB/Simulink™. The PCU is simulated with a 
traditional unsynchronized control method as shown in Fig 4(I). 
Fig. 4(II) shows the PCU’s corresponding current waveforms 
after the phase shift is applied. The resultant instantaneous 
capacitor current shows a 30% reduction in RMS current from 
1.6 A to 1.1 A RMS) due to the cancellation of the converter and 
inverter currents in Fig. 4(a) and Fig. 4(c), respectively. 
Following the simulation results, a prototype is built and 
experimentally tested under the same simulation conditions. Fig. 
5 shows the designed prototype and test setup. The experimental 
results under the same conditions follow that of the simulation 
in Fig. 6.  before the proposed control method is 1.619 A. 
After the phase shift is applied,  is reduced to 1 A, ≈ 30% 
reduction in the capacitor current.  

V. CAPACITOR LIFETIME AND VOLUME REDUCTION 
A comparison of capacitors from four manufacturers 

are selected to evaluate the effectiveness of the proposed 
synchronization method in reducing the volume of the required 
capacitor in the selection process of the overall converter 
design. The capacitor lifetime model to derive its operational 
hours as based on the theory in [17], [18] is defined as: 

where Lb is the capacitor rated lifetime hours, Mv the voltage 
rating ratio and Tm the ambient temperature. THS is the hotspot 
temperature and is: 
 
 

where Rth is the package thermal resistance and RESR is the 
equivalent series resistance. A database is populated from said 
manufacturers, with the RMS current capability, , volume 
Vol, and capacitance of each capacitor being a field of interest. 
Using the same voltage class of capacitors, an optimization 
algorithm selects the least number of capacitors depending on 
the manufacturer availability to satisfy design requirements for 
μF and RMS current based on the specifications in Table I. Fig. 
7 displays the design resultant volume requirements and 
expected lifetime hours for scenarios before and after the 
proposed synchronized phase shift is applied. From Fig. 7(a), 
an average volume reduction of ≈ 20% can be observed with 
the phase shift applied, translating to benefits in power density. 
Additionally, Fig. 7(b) shows an average capacitor lifetime 
increase of ≈ 25% due to the reduced capacitor RMS current. 
  

VI. CONCLUSIONS 
A control technique to minimize the RMS current in the dc-

link capacitor has been theoretically and experimentally 
demonstrated though the implementation of a synchronized 
switching methodology between a DC-DC converter and a DC-
AC inverter. The proposed method effectively reduces the RMS 

(a) 

(b) 

 
Fig. 6 Instantaneous current waveforms of converter input, inverter input 
and converter output (a) no phase shift (b) proposed phase shift applied  

(a) 

 
(b) 

 
 

Fig. 7 (a) Capacitor Volume and (b) Expected lifetime hours before and 
after phase shift is applied.  
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current in the capacitor by 30% compared to traditional 
unsynchronized PCU control, allowing for an average 20%  
smaller capacitor volume to be used in the design of the PCU 
due to the reduced RMS current handling capability. 
Additionally, the implementation of this control method can 
reduce thermal degradation of DC-link capacitors thus 
improving system lifetime by an average of 25%.  
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