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1. Introduction 
Contemporary Full Hybrid Electric Vehicle/Plug-in Hybrid Electric Vehicle/Battery Electric Vehicle 
(FHEV/PHEV/BEV) products use one or more DC/AC power converters, also known as traction 
inverters, to convert the DC voltage/current provided by the traction battery to the AC 
voltage/current to drive the traction motor(s).  Large and bulky DC link capacitors are used at the 
input of the traction inverter to provide a smooth DC input voltage. Those DC link capacitors, 
occupying almost 50% of the space in the whole package, can contribute to more than 20% of 
the total cost of the traction inverter.  They are generally over designed to assure a large safety 
margin during the fast transient operation of the electric machine(s). However, it is not well 
understood how the capacitor size reduction affects the electric machine drive system 
performance and operation stability.  This work presents the numerical method of calculating the 
DC link capacitor current ripple of the traction converter for electric vehicle applications.  The 
effect of internal resistance of the input voltage source is taken into account for the math 
modeling.  This provides guidance to the minimum boundary of the DC link capacitor size of 
traction power inverters for the application of battery electric vehicles. 
 
Figure 1 shows a typical topology of the electric machine drive system for an FHEV/PHEV. The 
DC/DC converter, boosting the traction battery voltage to a higher DC voltage, may not exist for 
a BEV. The two traction inverters convert the DC voltage to AC voltage to drive electric machines. 
A BEV may only have one traction inverter and one electric machine.  

 
Figure 1 Electric machine drive topology on FHEV/PHEV/BEV 

 
2. Space Vector PWM Fundamentals 
We introduce the space vector pulse width modulation (SVPWM) fundamentals first.  Secondly, 
we discuss the numerical method of calculating the root mean square (RMS) value of the 
capacitor current ripple.  Figure 2 shows a three-phase voltage source inverter (VSI).  The load of 
the inverter is a back electromotive force (EMF) source in series with an inductor to represent a 
three-phase electric machine.  For each of the three phases, Status “1” means that the top switch 
turns on and vice versa. In Status “0” the bottom switch turns on.  Figure 3 shows all eight voltage 
vectors that a three-phase VSI may have.  They are (100), (110), (010), (011), (001), (101), (111) 

1 
 



and (000).  Among the eight voltage vectors, six are the active voltage vectors and two are the 
zero- voltage vectors (000, 111).    
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Figure 2 Three-phase voltage source inverter Figure 3 Six active voltage vectors and two zero- voltage vectors 

 
A rotating voltage vector command may be expressed as: 
𝑉𝑉𝑚𝑚����⃗ = 𝑉𝑉𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒(𝑗𝑗𝜃𝜃)             (1) 
𝜃𝜃 = 𝜔𝜔𝜔𝜔 (2) 

 
where 𝑉𝑉𝑚𝑚 is the magnitude of the command voltage vector, 𝜃𝜃 the angle of the voltage vector, 
and 𝜔𝜔 the electrical angular velocity of the voltage vector.  Various definitions exist for the 
modulation index.  In our study, we define the modulation index as:  
𝑀𝑀 = 𝑉𝑉𝑚𝑚

0.5𝑉𝑉𝑑𝑑𝑑𝑑
     (3) 

where 𝑉𝑉𝑑𝑑𝑑𝑑 is the DC bus voltage.  For this definition, the maximum value of the modulation index 
is 2 √3⁄  when the six-step control is applied to the load.   
 
In Figure 3, the rotating command voltage vector lies in the second sector.  In this case, this 
command voltage vector will be generated by the four voltage vectors in the second sector: 110, 
010, 000 and 111.  For the SVPWM algorithm, the duty cycle of each voltage vector may be 
written as: 

𝐷𝐷(010) =
𝜔𝜔(010)

𝑇𝑇𝑠𝑠
=
√3𝑀𝑀

2
sin(𝜃𝜃 −

𝜋𝜋
3

) (4) 

𝐷𝐷(110) =
𝜔𝜔(110)

𝑇𝑇𝑠𝑠
=
√3𝑀𝑀

2
sin(𝜃𝜃 +

𝜋𝜋
3

) (5) 

𝐷𝐷(000) = 𝐷𝐷(111) = 0.5(1 − 𝐷𝐷(010) − 𝐷𝐷(110)) (6) 
 
where 𝑇𝑇𝑠𝑠 is one switching cycle, 𝜔𝜔(010) and 𝜔𝜔(110) are the time durations when vectors 010 and 
110 are applied, respectively.    

3. Average Value of Inverter Input Current 
For the “Y” connection load shown in Figure 1, the sum of the three phase currents is zero: 
𝑖𝑖𝑁𝑁,𝐴𝐴 + 𝑖𝑖𝑁𝑁,𝐵𝐵 + 𝑖𝑖𝑁𝑁,𝐶𝐶 ≡ 0 (7) 

 
In the time domain, the three phase currents can be expressed as: 

iN,A = 𝐼𝐼𝑚𝑚 cos(𝜃𝜃 − 𝜑𝜑) (8) 

𝑖𝑖𝑁𝑁,𝐵𝐵 = 𝐼𝐼𝑚𝑚 cos(𝜃𝜃 −
2𝜋𝜋
3
− 𝜑𝜑) (9) 
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𝑖𝑖𝑁𝑁,𝐶𝐶 = 𝐼𝐼𝑚𝑚 cos(𝜃𝜃 +
2𝜋𝜋
3
− 𝜑𝜑) (10) 

where 𝐼𝐼𝑚𝑚 is the magnitude of phase current, 𝜙𝜙 denotes the angle that the current is lagging the 
voltage.  The space vector form of the three-phase current is written as:  

𝐼𝐼𝑚𝑚����⃑ = 𝐼𝐼𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒{𝑗𝑗(𝜃𝜃 − 𝜑𝜑)} (11) 

 
Figure 4 shows the inverter input current and the three-phase switching signals in two switching 
cycles.   
 

(000)
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(110)

T=0 Ts0.5Ts
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SB

SA
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Figure 4. Inverter input current and three-phase switching signals 

 
Assuming that the instantaneous value of the inverter input current is i, the average value of 
the inverter input current in one switching cycle, 𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎, can be expressed as: 

𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 =
2
𝑇𝑇𝑠𝑠
� 𝑖𝑖(𝜔𝜔)𝑑𝑑𝜔𝜔
1
2𝑇𝑇𝑠𝑠

0
 (12) 

𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐷𝐷(010)𝑖𝑖𝑁𝑁,𝐵𝐵 − 𝐷𝐷(110)𝑖𝑖𝑁𝑁,𝐶𝐶 (13) 
 
Substituting Eqs. (3) to (6) and Eqs. (8) to (10) into Eq. (13), the average inverter input current 
may be rewritten as: 

𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 =
√3𝑀𝑀

2
sin(𝜃𝜃 −

𝜋𝜋
3

) ∙ 𝐼𝐼𝑚𝑚 cos �𝜃𝜃 −
2𝜋𝜋
3
− 𝜑𝜑� −

√3𝑀𝑀
2

sin(𝜃𝜃 +
𝜋𝜋
3

) ∙ 𝐼𝐼𝑚𝑚 cos �𝜃𝜃 +
2𝜋𝜋
3
− 𝜑𝜑� (14) 

 
The above equation may be further simplified as: 

𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎 =
3
4
𝐼𝐼𝑚𝑚 𝑀𝑀cos𝜑𝜑 (15) 

It can be seen that the average value of the inverter input current is a function of the phase 
current magnitude, modulation index and the angle between the current and voltage vectors - in 
other words, the power factor.  

4. RMS Value of Inverter Input Current 
The RMS value of the inverter input current in one switching cycle 𝑇𝑇𝑠𝑠 can be expressed as: 

𝑖𝑖𝑟𝑟𝑚𝑚𝑠𝑠2 =
2
𝑇𝑇𝑠𝑠
� 𝑖𝑖2𝑑𝑑𝜔𝜔
1
2𝑇𝑇𝑠𝑠

0
 (16) 
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Substituting Eqs. (3) to (6) and Eqs. (8) to (10) into Eq. (16), the RMS inverter input current may 
be rewritten as, 
𝑖𝑖𝑟𝑟𝑚𝑚𝑠𝑠2 = 𝐷𝐷(010)𝑖𝑖𝑁𝑁,𝐵𝐵

2 + 𝐷𝐷(110)𝑖𝑖𝑁𝑁,𝐶𝐶
2  (17) 

The lowest harmonic in the inverter input current is six times the fundamental frequency of the 
phase current, as shown in Figure 5.   

 
Figure 5. Inverter input current for pure resistive load 

 
The RMS value of the inverter input current can be written as: 

𝐼𝐼𝑟𝑟𝑚𝑚𝑠𝑠2 =
3
𝜋𝜋
� 𝑖𝑖𝑟𝑟𝑚𝑚𝑠𝑠2

2𝜋𝜋
3

𝜋𝜋
3

𝑑𝑑𝜃𝜃 (18) 

 
Substituting Eqs. (3) to (6) and Eqs. (8) to (10) into Eq. (18), the RMS value of the inverter input 
current 𝐼𝐼𝑟𝑟𝑚𝑚𝑠𝑠 can be written as: 

𝐼𝐼𝑟𝑟𝑚𝑚𝑠𝑠2 =
3
𝜋𝜋
� (𝐷𝐷(010)𝑖𝑖𝑁𝑁,𝐵𝐵

2 + 𝐷𝐷(110)𝑖𝑖𝑁𝑁,𝐶𝐶
2

2𝜋𝜋
3

𝜋𝜋
3

)𝑑𝑑𝜃𝜃 (19) 

𝐼𝐼𝑟𝑟𝑚𝑚𝑠𝑠
2 =

3
𝜋𝜋
� �

√3𝑀𝑀
2

𝑠𝑠𝑖𝑖𝑠𝑠(𝜃𝜃 −
𝜋𝜋
3

) �𝐼𝐼𝑚𝑚 𝑐𝑐𝑐𝑐𝑠𝑠(𝜃𝜃 −
2𝜋𝜋
3
− 𝜑𝜑)�

2

+
√3𝑀𝑀

2
𝑠𝑠𝑖𝑖𝑠𝑠(𝜃𝜃 +

𝜋𝜋
3

) �𝐼𝐼𝑚𝑚 𝑐𝑐𝑐𝑐𝑠𝑠(𝜃𝜃 +
2𝜋𝜋
3
− 𝜑𝜑)�

2

�
2𝜋𝜋
3

𝜋𝜋
3

𝑑𝑑𝜃𝜃 (20) 

𝐼𝐼𝑟𝑟𝑚𝑚𝑠𝑠 =
𝐼𝐼𝑚𝑚
√2

�2√3
𝜋𝜋

𝑀𝑀 �
1
4

+ cos2 𝜑𝜑� (21) 

where Im is the peak value of the phase current, M the modulation index, φ the angle between 
the current vector and the voltage vector.   

5. RMS Value of DC Link Capacitor Current Ripple 
The input inverter current, i, is composed of the AC and DC component: 
𝑖𝑖 = 𝑖𝑖𝑎𝑎𝑑𝑑 + 𝑖𝑖𝑑𝑑𝑑𝑑 = 𝑖𝑖𝑎𝑎𝑑𝑑 + 𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 (20) 

The DC component is equal to the average value obtained in Eq. (15).  The RMS value of the 
inverter input current can be expressed as: 
𝐼𝐼𝑟𝑟𝑚𝑚𝑠𝑠2 = 𝐼𝐼𝑎𝑎𝑑𝑑,𝑟𝑟𝑚𝑚𝑠𝑠

2 + 𝐼𝐼𝑑𝑑𝑑𝑑2 = 𝐼𝐼𝑎𝑎𝑑𝑑,𝑟𝑟𝑚𝑚𝑠𝑠
2 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎2  (21) 

Let us assume the AC component is absorbed by the DC link capacitor completely.   
𝐼𝐼𝑎𝑎𝑑𝑑,𝑟𝑟𝑚𝑚𝑠𝑠
2 = 𝐼𝐼𝐶𝐶,𝑟𝑟𝑚𝑚𝑠𝑠

2  (22) 
The RMS value of the capacitor current may be written as: 
𝐼𝐼𝐶𝐶,𝑟𝑟𝑚𝑚𝑠𝑠
2 = 𝐼𝐼𝑟𝑟𝑚𝑚𝑠𝑠2 − 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎2  (23) 
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Substituting Eqs. (15) and (21) into Eq. (23), the RMS value of capacitor current ripple can be 
written as: 

𝐼𝐼𝐶𝐶,𝑟𝑟𝑚𝑚𝑠𝑠 = �𝐼𝐼𝑁𝑁,𝑟𝑟𝑚𝑚𝑠𝑠
2 2√3

𝜋𝜋
𝑀𝑀 �

1
4

+ 𝑐𝑐𝑐𝑐𝑠𝑠2 𝜑𝜑� − �
3
4
𝐼𝐼𝑚𝑚 𝑀𝑀𝑐𝑐𝑐𝑐𝑠𝑠 𝜑𝜑�

2

 (24) 

𝐼𝐼𝐶𝐶,𝑟𝑟𝑚𝑚𝑠𝑠 = 𝐼𝐼𝑁𝑁,𝑟𝑟𝑚𝑚𝑠𝑠�2𝑀𝑀�
√3
4𝜋𝜋

+ cos2 𝜑𝜑 �
√3
𝜋𝜋
−

9
16

𝑀𝑀�� (25) 

Figure 6 shows the capacitor current ripple constant versus various power factor and modulation 
index.  It can be seen that the maximum modulation index does not necessarily yield the highest 
capacitor current ripple.  

𝟇 

M

k

 

Figure 6. Capacitor current ripple constant vs. power factor and modulation index 

6. Numerical Method of Calculating Instantaneous Capacitor Current Ripple 
First, we calculate the instantaneous three-phase current using a pure inductance load.  Figure 7 
shows six switching patterns.  The “green” power switches are the switches which are conducting 
current.  
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Figure 7. Six switching patterns (L load) 
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The current change in one switching cycle is given by Eqs. (26) to (31) to the above six switching 
patterns.  When either one of the two zero-voltage vectors (000 and 111) is applied, the three-
phase current maintains unchanged in one switching cycle.    

⎩
⎪
⎨

⎪
⎧ ∆𝑖𝑖𝐴𝐴 =

2𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

∆𝑖𝑖𝐵𝐵 = −
𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

∆𝑖𝑖𝐶𝐶 = −
𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

 (26) 

⎩
⎪
⎨

⎪
⎧∆𝑖𝑖𝐴𝐴 = −

𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

∆𝑖𝑖𝐵𝐵 =
2𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

∆𝑖𝑖𝐶𝐶 = −
𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

 (27) 

⎩
⎪
⎨

⎪
⎧∆𝑖𝑖𝐴𝐴 = −

𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

∆𝑖𝑖𝐵𝐵 = −
𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

∆𝑖𝑖𝐶𝐶 =
2𝑉𝑉𝑑𝑑𝑑𝑑
3𝐿𝐿

∆𝜔𝜔

 (28) 

⎩
⎪
⎨
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∆𝜔𝜔

 (31) 

where L is the inductance of the load.  
 
Figure 8 shows six switching patterns with an electric machine load.  The electric machine load is 
represented by an RL load in series with a back EMF voltage source.  The current change in one 
switching cycle is given by Eqs. (32) to (37).   
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Figure 8. Six switching patterns (electric machine load) 
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 (37) 

where R is the electric machine winding resistance, L the inductance, Em the back EMF, iA0, iB0 
and iC0 are the initial value of the three-phase current at the beginning of one switching cycle.  
 
Figure 9 shows the flow chart of the numerical method of calculating the instantaneous three-
phase current, inverter input current and capacitor current.  Figures 10-12 show the three-phase 
current, inverter input current and capacitor voltage ripple for three different types of load using 
the numerical method.    
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Figure 9. Numerical method of reconstructing instantaneous three-phase current 
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Figure 10. Instantaneous waveforms with L load  

 

 
Figure 11. Instantaneous waveforms with RL load 
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Figure 12. Instantaneous waveforms with electric machine model 

7. Analysis for Non-ideal Voltage Source 
In the previous analysis, we have assumed that the input voltage source is an ideal source without 
any internal resistance.  In the real-world application, the input voltage source always has a small 
internal resistance.  That is also why a large DC link capacitor is needed to provide smooth input 
voltage to the three-phase inverter.  For the following analysis, we will take into account the 
effect of the voltage source internal resistance.  In Figure 13, the input voltage source is 
represented by an ideal voltage source in series with an internal resistance.   

idc

ic

is

Rs

Vsrc

Vdc
C

S1 S3 S5

S4 S6 S2

 
Figure 13. Model of non-ideal input voltage source 

For the system shown in Figure 12, Eq. (38) exists: 

�

𝑖𝑖𝑑𝑑𝑑𝑑 = 𝑖𝑖𝑠𝑠 − 𝑖𝑖𝑑𝑑

𝑖𝑖𝑑𝑑 = 𝐶𝐶
𝑑𝑑𝑉𝑉𝑑𝑑𝑑𝑑
𝑑𝑑𝜔𝜔

𝑉𝑉𝑑𝑑𝑑𝑑 = 𝑉𝑉𝑠𝑠𝑟𝑟𝑑𝑑− 𝑅𝑅𝑠𝑠𝑖𝑖𝑠𝑠

 (38) 

 
where C is the capacitance of the DC link capacitor, Rs is the internal resistance of the input 
voltage source.  In Eq. (25), we assume the input voltage Vsrc, its internal resistance Rs and the 
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capacitance C are known.  In addition, the inverter input current idc can be calculated by Eq. 
(39), regarded as a known variable.   
 𝑖𝑖𝑑𝑑𝑑𝑑 = 𝑖𝑖𝐴𝐴𝑆𝑆𝐴𝐴 + 𝑖𝑖𝐵𝐵𝑆𝑆𝐵𝐵 + 𝑖𝑖𝐶𝐶𝑆𝑆𝐶𝐶 (38) 

where iA, iB and iC are the three-phase current, SA, SB and SC are the three-phase switching 
function.  The three-phase current may be obtained using the numerical method presented in 
the previous part.  Therefore, the capacitor current and the voltage source current may be 
written as: 
𝑑𝑑𝑖𝑖𝑑𝑑
𝑑𝑑𝜔𝜔

+
𝑖𝑖𝑑𝑑
𝑅𝑅𝑠𝑠𝐶𝐶

+
𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑
𝑑𝑑𝜔𝜔

= 0 (39) 

𝑖𝑖𝑠𝑠 = 𝑖𝑖𝐶𝐶 + 𝑖𝑖𝑑𝑑𝑑𝑑 (40) 

Eqs. (39) and (40) are later used to calculate the instantaneous capacitor current and the source 
current in Matlab.  Figure 14 shows the results of the voltage source current, capacitor voltage 
and current using the numerical method.  Figure 15 shows the flow chart of the Matlab script.   
 

 
Figure 14. Voltage source ripple and capacitor current ripple using numerical method 
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Figure 15. Flow chart of calculating capacitor current and voltage source current for non-ideal voltage source 

 
8. Summary 
This report first reviews the challenges that the bulky DC link capacitor of the electric vehicle 
traction inverter presents to further power density increase and cost reduction.  Then this work 
presents the numerical method of calculating the DC link capacitor current ripple of the traction 
converter for electric vehicle applications.  The effect of internal resistance of the input voltage 
source is taken into account for the math modeling.   
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