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Abstract—In this paper, a method is proposed to investigate the
dc-link current and voltage ripple calculations in voltage source
inverters by considering the reverse recovery of the antiparallel
diodes. The impact of the diode reverse recovery transient on the
dc-link current and voltage within the switching period is first analyzed. The analysis indicates that the current ripple rms value is
affected by the value of inverter switching frequency, diode reverse
recovery time, and current. However, the diode reverse recovery
shows negligible impact on the dc-link voltage ripple calculation,
since the difference between the voltage ripples calculated by the
proposed and existing method is less than 1%. To evaluate the estimation accuracy of the dc-link current ripple rms value by the
proposed method, the experiments are implemented and the comprehensive analysis is done under different operating conditions,
including various power factors, modulation indexes, inverter
output currents, and inverter switching frequencies. Experimental results show that the accuracy of dc-link rms current ripple
calculation by the proposed method is in the range of ±5% and increased by up to 7% compared with the existing method neglecting
the antiparallel diode reverse recovery.
Index Terms—DC-link current ripple, dc-link voltage ripple,
diode reverse recovery.

I. INTRODUCTION
HREE-PHASE voltage source inverters (VSIs) are widely
utilized in adjustable speed motor drives, renewable energy systems, and uninterruptable power supplies. The dc-link
capacitor is playing a vital role in the reduction of the dc-link
current ripple and voltage ripple in these applications. Generally speaking, larger capacitance will lead to smaller voltage
ripples, but larger size and more space requirements. To reduce
the volume, weight, and cost of the dc-link capacitors, some research has been done in reducing the capacitance demanded by
the inverter systems in [1]–[5]. Hence, the optimization methods could be implemented for capacitance minimization. The
estimation accuracy of the current and voltage ripples plays an
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important role in both dc-link capacitor selection and capacitance minimization.
Some studies have been done to analyze the dc-link current
and voltage ripples based on the inverter output phase current in
[6]–[8]. In these previous studies, the inverter input current,
which is assumed ideal, is described by the switching functions
and output phase current. In this case, the current spike caused by
the diode reverse recovery is neglected during the power device
turn-on transient. A dead time vector approach is developed to
analyze the dc-link current ripple in [9]. However, to the best
of our knowledge, none of the published work considers diode
reverse recovery in analyzing the dc-link current and voltage
ripples, which is driving the need for analysis of the impact of
diode reverse recovery on the estimation accuracy of the dc-link
current and voltage ripples.
In this paper, a proposed method is developed by considering the inverter antiparallel diode reverse recovery to analyze
the dc-link current and voltage ripples, and the impact of diode
reverse recovery on the current and voltage ripples is evaluated. The proposed method is then compared with the existing
method neglecting the antiparallel diode reverse recovery in different working conditions including different power factors, the
modulation indexes, and switching frequencies by both analyses and experiments. Meanwhile, the experimental validation
for the analysis of the dependence of current ripple rms value
on the inverter switching frequency is addressed.
This paper is organized as follows. First, the analysis of the
dc-link current and voltage without considering diode reverse
recovery is introduced in Section II. Then, the impact of the
antiparallel diode reverse recovery within the switching period
is analyzed in Section III. In Section IV, the proposed method
for the analysis of dc-link current and its ripple component is
demonstrated by considering the diode reverse recovery. Furthermore, the dc-link voltage ripple is discussed based on the
proposed method in Section V. Then, the calculation, simulation, and experimental results under various inverter operating
conditions are comprehensively compared in Section VI. Finally, the conclusions are made in Section VII.
II. DC-LINK CURRENT AND VOLTAGE RIPPLES WITHOUT
CONSIDERING DIODE REVERSE RECOVERY
A typical topology of three-phase VSIs is shown in Fig. 1(a),
where is , iin , and icap denote dc source current, inverter input
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I 2 rms,in =

3
π




π
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π
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current, and dc-link capacitor current, respectively. Assume that
the inverter is operating under the conditions: phase A and C currents (ia and ic ) are positive, ia is higher than ic ; and phase B current ib is negative. As a result, the waveform of inverter input
current iin within a switching period Ts is plotted in Fig. 1(b).
iin can be described as follows:
iin = Sa · ia + Sb · ib + Sc · ic

(1)

where Sa , Sb , and Sc are switching functions for each phase.
The inverter output current can be written in the following
form:
√
ia = 2 · Irms sin (ωt − φ)


√
2
ib = 2 · Irms sin ωt − π − φ
3


√
2
ic = 2 · Irms sin ωt + π − φ
(2)
3
where Irms and φ are the rms value of the output phase current
and the phase difference between the phase voltage and current,
respectively.
Based on Fig. 1(a) and (1), iin can be finally written in (3) in
each time interval within Ts [6]
⎧
0
, t 0 ≤ t < t1
⎪
⎪
⎪
⎪
⎪
⎪
ia
, t 1 ≤ t < t2
⎪
⎪
⎪
⎪
⎪
⎪
⎨ ia + ic , t2 ≤ t < t3
, t 3 ≤ t < t4
iin = 0
(3)
⎪
⎪
⎪
⎪
ia + ic , t4 ≤ t < t5
⎪
⎪
⎪
⎪
⎪
, t 5 ≤ t < t6
⎪
⎪ ia
⎪
⎩
0
, t 6 ≤ t < t7 .
In addition, by neglecting the influence of dead time and
antiparallel diode reverse recovery [7], [8], the dc-link ripple
current rms value can be obtained by the following equations:

 π   Ts
2
1
3
iin dt dwt
Iave,in =
π π6
Ts 0
 π
2
2
3
(T1 · ia − T2 · ib ) dwt
=
π
π 6 Ts
√
3 2
Irms · M · cos φ
=
(4)
4

1
Ts


0

Ts


iin 2 dt dwt

π
2

2
3
T1 · ia 2 + T2 · ib 2 dwt
π π6 Ts
√


2
3 3M · I 2 rms
· 1 + cos 2φ
=
2π
3
=

Fig. 1. Three-phase VSI (the highlighted circles A, B, and C denote the
locations of current transducer coils for the inverter input current measuring).
(a) Topology. (b) Input current.



Irms,ripple =

(5)

I 2 rms,in − I 2 ave,in

 √

√
3M
2 3M
9M 2

+
−
= Irms ·
· cos2 φ
2π
π
8
(6)
where Iave,in , Irms,in , Irms,ripple , M , and cosφ are inverter input average current, inverter input rms current, rms value of the dc-link
ripple current, modulation index, and power factor, respectively.
In above equations, T0 , T1 , T2 , and T3 are obtained by threephase modulation signals in the following equations:
va = M · VC · (sin ωt + v0 )
 


2π
vb = M · VC · sin ωt −
+ v0
3
 


2π
vc = M · VC · sin ωt +
+ v0
3

(7a)
(7b)
(7c)

T0 =



va
Ts
· 1−
4
VC

(8a)

T1 =

T s va − vc
·
4
VC

(8b)

T s vc − vb
·
4
VC


vb
Ts
· 1+
T3 =
4
VC

T2 =

(8c)
(8d)

where v0 is the injection signal given in [10], and VC is the peak
value of the carrier signal. Depending on various v0 applied to
the modulation signals, the type of carrier-based pulse width
modulation (PWM) techniques are different, more details can
be found in [11]–[13].
The relationship among is , iin , and icap is shown in Fig. 1(a),
and icap can be represented by the following equation [8]:
icap = is − iin .

(5)

If each parameter in (9) is divided into dc and ac components,
the expression of icap can be rewritten in (10). In (10), the ac
component of is is negligible and the dc component of icap is
zero; then icap is given by (11)
 ∼

∼
∼
(10)
i cap + Iave,cap = i s + Iave,s − i in + Iave,in
∼
i cap

∼

= − i in = Iave,in − iin .

(11)

The variation of dc-link capacitor voltage is calculated using
icap in (12). Substituting (3) into (12), the capacitor voltage
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change during each time interval in Ts can be first represented
by (13)
∼
v cap

1
=
C
=

∼
v cap

1
C




1
i cap dt =
C

∼



∼

− i in dt

(Iave,in − iin ) dt
⎧
Iave,in · T0
⎪
⎪
⎪
⎪
⎪
⎪
⎪ (Iave,in − ia ) · T1
⎪
⎪
⎪
⎪
⎪
⎨ (Iave,in + ib ) · T2

1
2 · Iave,in · T3
=
C⎪
⎪
⎪
⎪
(Iave,in + ib ) · T2
⎪
⎪
⎪
⎪
⎪
(Iave,in − ia ) · T1
⎪
⎪
⎪
⎩
Iave,in · T0

(12)
, t0 < t < t1
, t1 < t < t2
, t2 < t < t3
, t3 < t < t4

(13)

, t4 < t < t5

Fig. 2. DC-link capacitor voltage variations in T s plotted based on the
analysis. (a) When ia < Iave . (b) When ia > Iave .

, t5 < t < t6
, t6 < t < t7 .

From Fig. 1(b), it can be noticed that there are four time
periods, T0 , T1 , T2 , and T3 . The dc-link capacitor voltage change
in each time period is calculated by the following equations:
Δvcap,T 0

Δvcap,T 1

Δvcap,T 2

Δvcap,T 3

√
3 2Irms · M · cos φ
Iave,in · T0
=
=
C
16C · fsw
· [1 − M sin ·ωt − M · v0 ]
(14)
√
6Irms · M
(Iave,in − ia ) · T1
=
=
C
4C · fsw



π  3M
·
cos φ − sin (ωt − φ)
· sin ωt −
6
4
(15)
√
6Irms · M
(Iave,in + ib ) · T2
=
=
· cos ωt
C
4C · fsw



3M
2π
·
cos φ + sin ωt − φ −
(16)
4
3
√
3 2Irms · M · cos φ
Iave,in · T3
=
=
C
16C · fsw




2π
· 1 + M · sin ωt −
(17)
+ M · v0 .
3

When icap is positive, the capacitor voltage rises and Δvcap
is positive; vice versa. The voltage ripple can be evaluated by
the maximum voltage change. Based on (11), there are two
scenarios shown in Fig. 2(a) and (b). Then, the voltage ripple
Δvcap is defined by the maximum voltage change, which is
obtained as

Δvcap =

Δvcap,T 0 + Δvcap,T 1 , ia < Iave
Δvcap,T 0

, ia > Iave .

(18)

Furthermore, the total voltage change Δvcap,total within the
switching period Ts should be equal to zero under ideal

Fig. 3.

Diode reverse recovery current and its corresponding switch current.

conditions, which is approved by the following equation:

Δvcap,total = 2 Δvcap,T 0 + Δvcap,T 1 + Δvcap,T 2

+ Δvcap,T 3

= 0.

(19)

As it has been discussed above, the injection signal decides
the type of the PWM method. The calculation of dc-link ripple
current rms value contains no injection signal term, and thus
the rms value of the dc-link current and its ripple component in
(4)–(6) are irrelevant to the type of PWM methods. In contrast,
the calculation of dc-link voltage ripple includes injection signal
term that can be found in (14)–(18), which implies that the dclink voltage ripple is influenced by the type of PWM methods.
III. REVERSE RECOVERY OF THE ANTIPARALLEL DIODE
A. Diode Reverse Recovery
The diode reverse recovery occurs when the diode turns OFF,
which is shown in Fig. 3. When a diode is turning OFF, first the
diode forward current if decreases from the load current to zero.
After that, the diode current rises in the opposite direction of if
to discharge the energy stored inside the diode during its turn-ON
period, which is also named as reverse recovery current. When
the reverse recovery current reaches its maximum value Ir r ,
it starts to fall. The diode is completely OFF when its current
decreases to zero again [14], [15]. The amount of the charge
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stored in the diode is reverse recovery charge Qr r . The reverse
recovery time tr r is the time duration for Qr r discharging.
Generally, the total reverse recovery time tr r , current Ir r , and
charge Qr r are provided by most of the manufacturer datasheets;
in addition, the values of tr r , Ir r , and Qr r are dependent on the
type of diodes, conducting current, and diode junction temperature. Besides, the reverse recovery time can be divided into two
parts shown as follows:
tr r = ta + t b .

(20)

As shown in Fig. 3, when the current of a diode falls from
conducting current Iload to zero, the current flowing through its
corresponding switch rises from zero to Iload , and a change rate
s of the switch current iswitch can be obtained in (21), which is
assumed constant before iswitch reaches Iload + Ir r
Iload
diswitch
=
s=
.
dt
tr i

(21)

Fig. 4. Inverter current flow within T s . (a) During T 0 . (b) During T 1 .
(c) During T 2 . (d) During T 3 .

In addition, the time period for iswitch rising from zero to
Iload + Ir r is known as tr i , which is equal to the time period for
diode current falling from Iload to −Ir r . As a result, the current
change rate s denotes not only variation speed of iswitch , but
also the change rate of the current flowing through the diode.
Therefore, s can also be represented as
Ir r
.
ta

s=

(22)

As a result, the time interval ta can be obtained by the following:
Ir r
.
(23)
s
Then, tb can be calculated under two different scenarios. On
the one hand, when tr r is given by the datasheet, the time
interval tb can be obtained directly by (20) and (24). On the
other hand, when Qr r is given by the datasheet rather than tr r ,
time intervals, respectively, tb and ta can be obtained by the
following:
ta =

tb = tr r − ta
tr r =

2Qr r
.
Ir r

(24)
(25)

B. Occurrence of the Diode Reverse Recovery in Ts
In the previous discussions, the analysis for the dc-link current
and voltage ripples is given by ignoring the inverter antiparallel
diode reverse recovery; however, the diode reverse recovery
may also contribute to the inverter current and voltage ripples.
Before the proposed method is introduced to estimate Irms,ripple
and dc-link voltage ripple, the diode reverse recovery in Ts is
analyzed.
Similar to the previous section, the inverter is considered
working under the conditions: phase A and C currents (ia and ic )
are positive; ia is higher than ic ; phase B current ib is negative.
Current paths within Ts are shown in Fig. 4. During the first T0
shown by Fig. 1(b), all switching functions are zero and three
lower switches are ON, as shown in Fig. 4(a). The current is

Fig. 5. Inverter current flow paths during antiparallel diode reverse recovery
transients. (a) Phase A. (b) Phase B.

circulating in phase B lower switch, load, phase A lower diode,
and phase C lower diode; meanwhile, the inverter input current
is equal to zero.
At t = t1 , the phase A upper switch is closed and lower
diode is turned OFF. As it is presented in Fig. 3, the diode
current if is positive in the beginning and falls from the load current level Iload to zero. After that, the diode reverse recovery
current rises to its peak value Ir r in the opposite direction.
Finally, when the reverse recovery current falls to zero again,
the diode is completely turned OFF. At the same time, the current
in phase A upper switch rises to Iload . During the first T1 , phase
A upper switch and the other two lower switches are ON. As a
result, the current flow in the inverter is presented in Fig. 4(b).
During this time interval, the inverter input current is equal to
phase A current. Fig. 5(a) shows the current flow and transient
equivalent circuit within T1 , whereas the current relationship is
presented as
iswitch + if = ia .

(26)
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Therefore, the reverse recovery occurs at t = t1 . It is well
known that the diode reverse recovery only takes place within
diode turn-OFF transient; consequently, the occurrence of the
diode reverse recovery within Ts can be determined by figuring
out the moment when the diode turn-OFF transient takes place.
When t = t2 , the upper switch in phase C is turned ON. Then,
the current map is shown in Fig. 4(c), and the lower diode
in phase C is turned OFF. Therefore, the reverse recovery also
occurs at t = t2 . In addition, during the first T2 , phase A and
C upper switch and phase B lower switch are ON. The inverter
input current is equal to the sum of phase A and C currents.
When t = t3 , phase B lower switch is turned OFF and it is not
turned ON again until t = t4 . Similarly, at t = t4 phase B upper
diode is turned OFF and the current flow during this transient
is shown in Fig. 5(b). Then, phase C and A upper switch are
turned OFF while their corresponding lower diodes are turned
ON at t = t5 and t = t6 , respectively. Therefore, during Ts , the
antiparallel diode reverse recovery occurs at t = t1 , t = t2 , and
t = t4 .
IV. RMS VALUE OF DC-LINK CURRENT RIPPLE CONSIDERING
ANTIPARALLEL DIODE REVERSE RECOVERY
Considering the diode reverse recovery transient, Ts can be
divided into more small periods to represent the inverter input current iin more accurately, and then, iin is written in the
following form:
⎧
0
, t 0 ≤ t < t1
⎪
⎪
⎪
⎪
⎪
⎪
ia + Itrar · (t − t1 )
, t 1 ≤ t < t1 + t a
⎪
⎪
⎪
⎪
t 1 +t r r −t
⎪
⎪
ia +
· Ir r
, t 1 + t a ≤ t < t1 + t r r
⎪
tb
⎪
⎪
⎪
⎪
ia
, t 1 + t r r ≤ t < t2
⎪
⎪
⎪
⎪
⎪
⎪
ia + ic + Itrar · (t − t2 ) , t2 ≤ t < t2 + ta
⎪
⎪
⎪
⎪
⎪
⎪ ia + ic + t 2 +tt r r −t · Ir r , t2 + ta ≤ t < t2 + tr r
⎪
b
⎨
iin = ia + ic
, t 2 + t r r ≤ t < t3
⎪
⎪
⎪
⎪
0
, t 3 ≤ t < t4
⎪
⎪
⎪
⎪
⎪ i + i + I r r · (t − t ) , t ≤ t < t + t
⎪
a
c
4
4
4
a
⎪
ta
⎪
⎪
⎪
t 4 +t r r −t
⎪
⎪
· Ir r , t4 + ta ≤ t < t4 + tr r
⎪ ia + ic +
tb
⎪
⎪
⎪
⎪
ia + ic
, t 4 + t r r ≤ t < t5
⎪
⎪
⎪
⎪
⎪
⎪
ia
, t 5 ≤ t < t6
⎪
⎪
⎪
⎩
0
, t 6 ≤ t < t7 .
(27)
As a result, the average and rms values of the inverter input
current are calculated by the following equations:


 Ts
T1
1
T2
2
2
2
2
I rms,in =
i in dt = 2
· ia +
· ib
Ts 0
Ts
Ts

Iave,in =

1
Ts

Ir r · tr r
2Ir r · tr r
I 2 · tr r
· ia −
· ib + r r
(28a)
Ts
Ts
Ts


Ts
T1
T2
3Ir r · tr r
iin dt = 2
· ia −
· ib +
T
T
2Ts
s
s
0
(28b)

+


I

2

rms,in

Iave,in
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T1
T2
Ir r · tr r
2
2
· ia +
· ib
· ia
2
+
π
Ts
Ts
Ts
6

2Ir r · tr r
I 2 · tr r
−
· ib + r r
dwt
Ts
Ts
√


2
I 2 · tr r
3 3M I 2 rms
· 1 + cos 2φ + r r
=
2π
3
Ts
√

3 2Irms · Ir r · tr r  √
+
· 3 3 cos φ + 1 − cos2 φ
2πTs
(29a)

 π 
2
2ia · T1
3
2ib · T2
3Ir r · tr r
=
−
+
dwt
π π6
Ts
Ts
2Ts
√
3Ir r · tr r
3 2
Irms · M · cos φ +
.
(29b)
=
4
2Ts
3
=
π



π
2

Finally, the dc-link ripple current rms value Irms,ripple could be
acquired in (30). It can be seen that the component α in (30a)
is the same as the result given in (6), and the rest of the components in (30) are related to the inverter antiparallel diode reverse
recovery. Therefore, the expressions in (30) illustrate that the
value of Irms,ripple depends not only on the inverter operating
conditions, but also on the switching frequency fsw , the diode
reverse recovery time tr r , and current Ir r
I 2 rms,in − I 2 ave,in = α + β + γ + λ (30a)
 √
√


2 3M
9M 2
3M
2
2
+
−
α = I rms ·
(30b)
· cos φ
2π
π
8

√
√
3 M
9 2 · Irms · Ir r · tr r · cos φ
β=
−
(30c)
2Ts
π
2
√
3 2 · Irms · Ir r · tr r
γ=
· 1 − cos2 φ
(30d)
2πTs


Ir r 2 · tr r
9tr r
λ=
· 1−
.
(30e)
Ts
4Ts
Irms,ripple =

V. DC-LINK VOLTAGE RIPPLE CONSIDERING ANTIPARALLEL
DIODE REVERSE RECOVERY
Depending on (27), the voltage change in each period within
Ts is obtained as
⎧
Iave,in · T0
, t 0 < t < t1
⎪
⎪
⎪
⎪
1
⎪
⎪
(Iave,in − ia ) · T1 − 2 Ir r · tr r , t1 < t < t2
⎪
⎪
⎪
⎪
1
⎪
⎪ (Iave,in + ib ) · T2 − 2 Ir r · tr r , t2 < t < t3
⎨
1
, t 3 < t < t4
· 2 · Iave,in · T3
Δvc =
C ⎪
⎪
1
⎪
⎪
(Iave,in + ib ) · T2 − 2 Ir r · tr r , t4 < t < t5
⎪
⎪
⎪
⎪
⎪
(Iave,in − ia ) · T1
, t 5 < t < t6
⎪
⎪
⎪
⎩
Iave,in · T0
, t 6 < t < t7 .
(31)
Then, the voltage change during T0 , T1 , T2 , and T3 are derived
by (32)–(35).
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It can be found that the voltage changes during T1 and T2 are
affected by the diode reverse recovery. However, the influence of
diode reverse recovery in the voltage changes within T1 and T2
r ·t r r
is negligible. The value of I r 2C
in (33) and (34) is usually less
than 1% of the total voltage change within T1 and T2 , and thus,
it can be neglected to simplify the estimation. Furthermore,
Δvcap,total within Ts is equal to zero under ideal conditions;
however, considering the diode reverse recovery, a tiny drop in
dc-link capacitor voltage is derived by (36). This voltage drop
is usually compensated by the dc source and it is also neglected
in the analysis
√
3 2Irms · M · cos φ
Iave,in · T0
=
Δvcap,T 0 =
C
16C · fsw
· [1 − M sin ·ωt − M · v0 ]
Ir r · tr r
(Iave,in − ia ) · T1
−
C
2C
√

6Irms · M
π
=
· sin ωt −
4C · fsw
6


3M
Ir r · tr r
cos φ − sin (ωt − φ) −
·
4
2C

(32)

Δvcap,T 1 =

(33)

Ir r · tr r
(Iave,in + ib ) · T2
−
C
2C
√
6Irms · M
=
· cos ωt
4C · fsw



3M
2π
Ir r · tr r
·
cos φ + sin ωt − φ −
−
4
3
2C
(34)
√
3 2Irms · M · cos φ
Iave,in · T3
=
Δvcap,T 3 =
C
16C · fsw




2π
· 1 + M · sin ωt −
(35)
+ M · v0
3

Δvcap,total = 2 Δvcap,T 0 + Δvcap,T 1 + Δvcap,T 2
Δvcap,T 2 =


+ Δvcap,T 3
=−

−

3Ir r · tr r
3Ir r · tr r
=0−
2C
2C

3Ir r · tr r
.
2C

(36)

VI. CALCULATIONS AND SIMULATION AND
EXPERIMENTAL RESULTS
According to previous discussions, the influence of diode
reverse recovery is neglected in the dc-link voltage ripple estimation, and thus, the experimental results are provided only for
the rms value evaluation of dc-link ripple current considering
the diode reverse recovery. The experiments will be done under different working conditions, including various power factors, modulation indexes, inverter output currents, and inverter
switching frequencies. Followed by comprehensive experimental evaluations, a discussion is made based on the comparison

Fig. 6. Simulation topology and experiment setup. (a) Simulation circuit.
(b) Experiment setup.

between the analytical and experimental results. It should be
noted that the ac component of is is usually ignored and the
rms value of dc-link ripple current is assumed equal to the rms
current flowing through the dc-link capacitors; therefore, the
capacitor current is measured during experiments.
A. Antiparallel Diode Reverse Recovery
To validate the analysis of the diode reverse recovery occurrence within the switching period, the simulation is implemented
in ANSYS SIMPLORER. The simulated circuit is shown in
Fig. 6(a). In addition, insulated-gate bipolar transistor (IGBTs)
and antiparallel diodes utilized in the simulation are characterized depending on the datasheet of IGBT modules from manufacturers. The experiment setup consists of a permanent magnet
(PM) machine driven by the designed inverter and an induction
machine as a dyno controlled by a commercial rectifier–inverter
module. A three-phase ac source is provided to the rectifier, and
the designed inverter is sharing dc link with the commercial
drive. Fig. 6(b) shows the experiment setup.
In Fig. 6(a), the inverter input current iin is measured in the
simulation by a current probe, and then, the simulation data are
acquired and plotted in Fig. 7(a) that validates the analysis illustrated in Section III. In Fig. 7(a), the current spikes that are
caused by the diode reverse recovery occur at t = t1 , t = t2 ,
and t = t4 . At the same time, experimental measurements of
the inverter input current shown in Fig. 7(b) further verify the
analysis described in Section III and the simulation results in
Fig. 7(a). In Fig. 7(b), three-phase current curves, Phase A,
Phase B, and Phase C, present the measured currents in phase
legs of each phase; and the current transducer locations in the
inverter are shown by Fig. 1(a). In this case, the inverter input
current is equal to the sum of the three phase-leg currents, which
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Fig. 8. DC-link capacitor rms current calculation and experimental data plots
(left) and error plots (right), when Ipeak = 40 A, fsw = 10 kHz, cos φ is constant
(ER: experimental data, CR: estimated results from the existing method, and
CRR: estimated results from the proposed method). (a) When cosφ = 0.5.
(b) When cosφ = 1.

Fig. 7. Inverter input current in T s . (a) Simulation data plot. (b) Experimental
waveforms.
TABLE I
PARAMETERS UTILIZED IN CALCULATIONS
Parameters
Irms (A)
Ir r (A)
tr r (ns)

Ipeak = 40 A

Ipeak = 60 A

28.3
31.6
450

42.3
47.3
450

is shown as the red curve marked as iin in Fig. 7(b). The experimental inverter input current waveform also shows the current
spikes appear at t = t1 , t = t2 , and t = t4 . From the data plot
and measured waveforms, it can be concluded that the analysis
for the occurrence of diode reverse recovery transient within Ts
is coincident with the simulation result and is experimentally
validated.
In the calculation of rms value of the dc-link ripple current,
two parameters related to the diode reverse recovery, tr r and
Ir r , are required, which are usually provided by datasheets.
However, the values in a datasheet are given under manufacture
testing conditions, which might differ from the actual working
conditions. Thus, the parameters used in the calculations are
derived based on the information provided by the datasheets and
the double-pulse tests under actual inverter operating conditions.
Table I presents the values of tr r and Ir r used in the calculations,
where Ipeak is the inverter output peak current.
To make sure that the calculation results are comparable to
the experimental results, the actual inverter operating conditions
are utilized in the calculations. In Table I, the values of Irms are
the measured rms phase current, and the values of Ir r and tr r
are also obtained from experiments. As it has been mentioned
in Section III-A, the diode reverse recovery current and time

vary under different operating conditions. As a result, a group
of reverse recovery current and time values are obtained under
various current levels. According to the actual motor speed and
the fundamental frequency of the phase current, several current
levels are applied from zero to the peak value. For instance, assuming that the positive and negative parts of the inverter output
current are symmetrical, the fundamental frequency is 500 Hz
and the switching frequency is 10 kHz, there are 20 switching
periods in one sinusoidal period; as a result, 10 values for each
of Ir r and tr r are measured under 10 current values between
zero and peak phase current. Then, the average values of Ir r
and tr r are calculated and used as constant parameters in the
calculations.

B. DC-Link Capacitor Current: Comparison Between the
Calculation and Experimental Results
1) When fsw = 10 kHz: From (30), it can be seen that the
rms value of dc-link ripple current changes along with the inverter operating conditions; in other words, different dc-link
ripple currents could be acquired depending on the distinct system parameters, such as inverter output current (Irms ), power
factor (cosφ), modulation index (M ), switching frequency (fsw
or Ts ), reverse recovery time (tr r ), and current (Ir r ). The proposed method is evaluated under different working conditions,
including various power factors and modulation indexes, which
can be achieved by regulating the peak value and angle of the
inverter output current under different motor speeds. The values
of power factor and modulation index are measured by a power
analyzer and are utilized in the calculations. The accuracy of dclink capacitor current estimation by the existing and proposed
methods is evaluated by experiments. The inverter is operated
at 40 A and 60 A output peak currents. Figs. 8 and 9 present the
plotted results from calculations and experiments, and the estimation errors of the existing and proposed methods are plotted
on the right.

5178

Fig. 9. DC-link capacitor rms current calculation and experimental data plots
(left) and error plots (right), when Ipeak = 60 A, fsw = 10 kHz, cos φ is constant
(ER: experimental data, CR: estimated results from the existing method, and
CRR: estimated results from the proposed method). (a) When cosφ = 0.5.
(b) When cosφ = 1.

Fig. 10. DC-link capacitor rms current calculation and experimental data
plots (left) and error plots (right), when Ipeak = 40 A, fsw = 15 kHz, cos φ is
constant (ER: experimental data, CR: estimated results from the existing method,
and CRR: estimated results from the proposed method). (a) When cosφ = 0.5.
(b) When cosφ = 1.

By utilizing the proposed method, the smallest estimation
error achieves within ±0.5% and the largest error is around
10%. The smallest and largest errors obtained by the existing
method are around 2% and 16%, respectively. In addition, most
of the calculation results by the proposed method have errors in
the range of ±5%; however, most of the errors acquired by the
existing method are between 5% and 10%. Therefore, by taking
the antiparallel diode reverse recovery into account, the accuracy
of the dc-link capacitor rms current estimation is improved.
2) When fsw = 15 kHz: When the switching frequency fsw
is 15 kHz, the experiments are also implemented under 40 A
and 60 A inverter output peak current. In addition, other inverter operating conditions are the same as those when 10 kHz
switching frequency is utilized. Figs. 10 and 11 show the data
plots and error plots obtained by the experiments and calculations. These data plots indicate that the variation trends of the
dc-link capacitor rms current under 15 kHz switching frequency
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Fig. 11. DC-link capacitor rms current calculation and experimental data plots
(left) and error plots (right), when Ipeak = 60 A, fsw = 15 kHz, cos φ is constant
(ER: experimental data, CR: estimated results from the existing method, and
CRR: estimated results from the proposed method). (a) When cosφ = 0.5.
(b) When cosφ = 1.

are close to those under 10 kHz switching frequency when the
same operating conditions are applied.
Nevertheless, there are some differences in the estimation accuracies. Compared to the 10 kHz switching frequency scenario,
the estimation accuracy of the proposed method under 15 kHz
switching frequency is similar to that under 10 kHz, and most
of the errors are round ±5%. For the other thing, the worse
estimation accuracy is obtained by the existing method when
the switching frequency is 15 kHz. For the 40 A scenario, most
of the estimation errors are above 10%. When the modulation
index and power factor are low, some of the errors are even
close to 20%. For the 60 A scenario, when the power factor and
modulation index are high, the estimation errors are in the range
of 5%–10%, which is similar to the results from experiments
under 10 kHz switching frequency. As the power factor and
modulation index decrease, some of the errors grow to the value
around 10% while some of them are about 15% or even higher.

C. Dependence of DC-Link Capacitor Current on the
Switching Frequency
Depending on the calculations derived in Section IV, the dclink current ripple rms value is inverter switching frequency
dependent, which can be seen in (30). In (30), the switching
period Ts is included, which is equal to f1sw , where fsw is the
switching frequency. Therefore, the dc-link current ripple rms
value is dependent on the inverter switching frequency. To validate this analysis, the current ripple rms values under 10 kHz
and 15 kHz switching frequencies are plotted together and a
significant difference can be observed.
The experimental results of capacitor currents under 10 kHz
and 15 kHz switching frequencies are plotted in Fig. 12. The
current values under 15 kHz switching frequency are higher than
those under 10 kHz switching frequency. Therefore, according
to the experimental results, as the switching frequency increases,
the rms value of dc-link capacitor current rises.
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Fig. 12. Experimental data plots: DC-link capacitor current with 10 kHz and
15 kHz switching frequencies. (a) Ipeak = 40 A, cosφ = 0.5 (upper) and 1
(lower). (b) Ipeak = 60 A, cosφ = 0.5 (upper) and 1 (lower).

Depending on the results mentioned above, it can be seen
that a positive correlation between the dc-link current ripple rms
value and the inverter switching frequency exists. The proposed
method described by (30e) considers the influences caused by
the changes of switching frequency and its accuracy does not
vary significantly under different switching conditions. However, the calculation by the existing method shown by (6) is not
related to the switching frequency, and under the same operating
conditions the calculation results by the existing method with
15 kHz switching frequency are the same as those with 10 kHz.
Furthermore, the actual capacitor rms current rises when the
inverter switching frequency is higher, which can be seen in
Fig. 12. Compared to the experimental results, it is rational
that the estimation errors of the existing method under 15 kHz
switching frequency are larger than those under 10 kHz switching frequency; meanwhile, there is no significant difference in
the estimation accuracy of the proposed method as the switching
frequency is increasing.
VII. CONCLUSION
In this paper, a method has been proposed for the analysis of
dc-link ripple current rms value and voltage ripple considering
the inverter antiparallel diode reverse recovery, and the impacts
of the diode reverse recovery on both current and voltage ripples
are evaluated.
The occurrence of the inverter antiparallel diode reverse recovery is analyzed and verified by both the simulation and experimental results. According to the analysis, the diode reverse
recovery influences the dc-link current ripple rms value while it
has negligible impact on the dc-link voltage ripple. Experiments
are implemented in various inverter operating conditions. As the
power factor, modulation index, output current, and switching
frequency vary, the proposed method is compared to the existing
method and comprehensive evaluation regarding the estimation
accuracy has been made.
The calculation of the dc-link current ripple rms value is
improved by the proposed method, more factors that influence
the estimation result are considered by the proposed method,
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including the inverter switching frequency, antiparallel diode
reverse recovery time and current. A positive correlation exists
between the switching frequency and the dc-link current ripple
rms value, which is proved by the proposed method and experimentally validated. Furthermore, there is no significant change
in the estimation accuracy of the proposed method as the inverter
switching frequency varies. In a word, the calculation accuracy
is improved by the proposed method.
The smallest and largest errors of the dc-link current ripple rms value estimation achieved by the proposed method are
within ±0.5% and around 10%, respectively. In addition, most
of the calculation results by the proposed method have errors
in the range of ±5%. The current ripple rms value is inverter
switching frequency dependent, which is analytically proved
and experimentally validated. For the proposed method, most
of the estimation errors are kept around ±5% when inverter
switching frequency increases from 10 to 15 kHz. The accuracy
of the dc-link current ripple rms value estimation is improved
by the proposed method by up to 7%.
The dc-link current ripple rms value estimation described in
this paper can be used in the dc-link capacitor selection for
three-phase two-level inverter designs. Generally, the current
ratings of dc-link capacitors are determined based on the estimated rms values of current ripples. The capacitor maximum
allowable continuous current must be higher than the rms value
of ripple current; if there are more than one dc-link capacitors,
the total maximum allowable continuous current is the sum of
each capacitor rated current. By considering the inverter switching frequency and different operating conditions, the proposed
method provides a more accurate solution to ripple current rms
value estimation, and thus provides a useful guideline for capacitor selection.
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