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Abstract—This article proposes a new carrier selection strategy
of generalized discontinuous pulsewidth modulation (GDPWM)
method for the two-level three-phase voltage source inverter to
reduce the dc-link capacitor current under all operating conditions
while keeping the minimum switching losses. First, the root-mean-
square value of dc-link capacitor current is effectively reduced by
selectively using both single and double carrier signals and modify-
ing the switching patterns of existing GDPWM method. Although
the proposed carrier selection strategy depends on the power factor
(PF), the PF calculation is avoided because the multicarrier sig-
nals are properly chosen based on the information of three-phase
modulation signals and measured three-phase currents. Also, the
switching losses can be kept to a minimum as the modulation signals
of conventional GDPWM method, which are optimal in terms of
the switching losses, remain the same and the proposed carrier
selection strategy has little effect on the total number of switching
events. The operating principle of proposed GDPWM method is
theoretically analyzed. Then, its practical effectiveness is verified
by experimental tests on a motor drive system.

Index Terms—Carrier selection strategy, dc-link capacitor,
pulsewidth modulation (PWM), switching loss, two-level three-
phase voltage source inverter (VSI).

I. INTRODUCTION

THE two-level three-phase voltage source inverter (VSI)
has been increasingly utilized in motor drive applications

such as electric vehicles (EVs) and home appliances [1]–[5]. In
general, the switching devices of VSI have been controlled by
pulsewidth modulation (PWM) techniques due to their simplic-
ity and effectiveness [6]. Although there are numerous PWM
methods, it is important to choose a proper one because their
unique switching patterns directly affect the input and output
characteristics of VSI such as phase current quality, voltage
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Fig. 1. Typical topology of battery-powered two-level three-phase VSI.

linearity, switching losses, dc-link capacitor current, dc-link
voltage ripple, and common-mode voltage (CMV) [7]–[10].
Among various PWM methods, the most widely utilized one
has been the symmetrical space vector PWM (SVPWM) method
[11], [12] due to its superior power quality. Many discontinuous
PWM (DPWM) and generalized DPWM (GDPWM) methods
[12]–[15] also have been investigated to reduce the switching
losses as increasing efficiency has been a significant issue in the
modern VSI [16]. In particular, it has been reported in [15] that
the direct digital technique GDPWM (DDT-GDPWM) method
generates the minimum switching losses under all operating
conditions of VSI.

Another recent issue of the modern VSI is to reduce the dc-
link capacitor current. As shown in Fig. 1, the typical battery-
powered VSI system essentially requires the dc-link capacitors
between the batteries and switching devices to provide a low
impedance passage, through which the large harmonic current
caused by the high-frequency switching events can flow [1],
[17], [18]. Recently, the film capacitor has been primarily used
as the dc-link capacitors instead of the electrolytic capacitor
owing to its superiority [1]–[3], [19]. However, although the film
capacitor is the reliable passive component, it is also susceptible
to ageing because the current flowing through it causes power
losses and raises temperature in it [20]–[22]. In fact, its root-
mean-square (rms) value can reach up to about 65% of the rms
value of phase currents. Moreover, this high rms value of dc-link
capacitor current may increase its size and cost [25]. Therefore, it
is required to reduce the dc-link capacitor current for improving
the life expectancy, power density, and economic feasibility of
VSI.

It is widely known that the instantaneous value of dc-link
capacitor current is determined by the switching states of VSI.
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TABLE I
COMPARISON OF VARIOUS SCALAR DPWM METHODS DEVELOPED FOR DC-LINK CAPACITOR CURRENT REDUCTION

To overcome the shortcoming of conventional PWM methods
that produce relatively large fluctuation of the dc-link capacitor
current, several PWM methods have been studied [23]–[29],
which are divided into two types. The first type is the scalar
DPWM methods using double carrier signals. In [23], the tristate
PWM (TSPWM) method has been studied to reduce the CMV.
The TSPWM method generates its switching pattern by using the
modulation signals of DPWM1 method [12] and double carrier
signals, which also brings about low dc-link capacitor current.
However, its effect of reducing the dc-link capacitor current is
valid only near unity power factor (PF), and it rather increases
the dc-link capacitor current in the low PF range. Similarly, the
near-state PWM (NSPWM) method defined only in the high
modulation index (MI) range over 0.770 has been presented in
[24] to reduce the CMV. In fact, the NSPWM method is the
specific case of TSPWM method in the high MI range. In [25]
and [26], the double carrier PWM (DCPWM) method has been
proposed to reduce the dc-link capacitor current. The DCPWM
method utilizes the unique discontinuous modulation signals
decided by its own logical test (as explained in Table I of [25])
and double carrier signals as its nomenclature suggests. The
DCPWM method can reduce the dc-link capacitor current more
than the TSPWM method in a wider PF range. In [27] and [28],
the generalized TSPWM (GTSPWM) method, which employs
the modulation signals of DDT-GDPWM method and double
carrier signals, has been introduced to reduce the CMV. Similar
to the scalar DPWM methods described above, not only the
CMV but the dc-link capacitor current is also reduced by the
GTSPWM method. The GTSPWM method is identical to the
DCPWM method when the MI is less than 0.667, otherwise it
has smaller dc-link capacitor current than the DCPWM method
in a wider PF range. However, the GTSPWM method also fails
to reduce the dc-link capacitor current in all ranges of PF. The
second type is the space-vector-based PWM methods using the
voltage vector combinations that form obtuse triangles (orig-
inally, the scalar DPWM methods described above also have
been devised based on the space vector approach. However, their
scalar implementation has been presented together). In [29], the
modified SVPWM method, which optimizes the voltage vector
combinations for the reduced fluctuation of inverter input current
in all ranges of PF, has been presented. Nevertheless, this PWM
method results in more switching losses in the PF range below
0.866 than the DPWM methods because it partially adopts the
existing symmetrical SVPWM method. In addition, the space

vector approach is not preferred over the scalar approach from
the implementation perspective because the computation effort
required by the space vector theory is more burdensome [30].

On the basis of generalized scalar approach, which provides
degrees of freedom in the choice of both zero-sequence and
carrier signals [30], this article proposes a new carrier selection
strategy for the DDT-GDPWM method to reduce the dc-link
capacitor current under all operating conditions of VSI while
maintaining the minimum switching losses [31]. The main
difference between the previously studied scalar DPWM and
proposed DPWM methods is how to utilize the carrier signals.
The previously studied scalar DPWM methods employ only
the double carrier signals, which lead to the dc-link capacitor
current reduction only in the high PF range. On the other hand,
the proposed DPWM method selectively uses the single and
double carrier signals to adapt the switching pattern of DDT-
GDPWM method, which makes the dc-link capacitor current
reduction possible in all ranges of PF. Therefore, the proposed
DPWM method is referred to as the multicarrier GDPWM (MC-
GDPWM) method in below. Also, the DDT-GDPWM method
is referred to as the single-carrier GDPWM (SC-GDPWM)
method in below for the intuitive comparison with the proposed
MC-GDPWM method. The proposed carrier signal selection
strategy depends on the PF. However, the PF calculation is
unnecessary because the carrier signals are appropriately chosen
based on the information of three-phase modulation signals and
measured three-phase currents. The switching losses caused by
the proposed MC-GDPWM method are also kept to a minimum
because the modulation signals of SC-GDPWM method remain
the same, and the proposed carrier selection strategy has little
effect on the total number of switching events. The featured char-
acteristics between the scalar DPWM methods developed for the
dc-link capacitor current reduction are summarized in Table I.

The remainder of this article is organized as follows. First,
the principle of SC-GDPWM method is briefly reviewed in
Section II. Second, the characteristics of dc-link capacitor cur-
rent by the SC-GDPWM method are mathematically studied
in Section III. Third, the detailed principle of proposed carrier
selection strategy for the MC-GDPWM method is described in
Section IV. Then, the performance of proposed MC-GDPWM
method is theoretically analyzed in Section V. Thereafter, the
practical effectiveness of proposed MC-GDPWM method is
verified by experimental tests in Section VI. Finally, a conclusion
is given in Section VII.
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Fig. 2. Block diagram to implement the SC-GDPWM method.

II. REVIEW OF SC-GDPWM METHOD

In general, the scalar PWM method generates the binary
switching functions, sa, sb, and sc to control the six switch-
ing devices, Sa±, Sb±, and Sc± by comparing the three-phase
modulation signals with the single carrier signal, vcar. The high-
frequency triangular signal, vtri is usually used as vcar. In addi-
tion, it is widely known that the zero-sequence signal, v∗no can be
injected into the sinusoidal modulation signals, v∗an, v∗bn, and v∗cn
(which are the phase voltage references normalized to one-half
of the dc-link voltage, Vdc) [30]. Accordingly, the nonsinusoidal
modulation signals, v∗ao, v∗bo, and v∗co (which are the pole voltage
references normalized to Vdc/2) can be expressed as⎧⎨

⎩
v∗ao = v∗an + v∗no = m cos (θ) + v∗no
v∗bo = v∗bn + v∗no = m cos (θ − 2π/3) + v∗no
v∗co = v∗cn + v∗no = m cos (θ − 4π/3) + v∗no

(1)

where m is the MI and θ is the phase angle.
The main idea of conventional SC-GDPWM method is to

select the optimal v∗no that minimizes the switching losses every
carrier cycle by using the information of sinusoidal modula-
tion signals and measured phase currents. The block diagram
to implement the SC-GDPWM method is shown in Fig. 2.
Generally, the zero-sequence signal generator of most PWM
methods requires only the sinusoidal modulation signals as its
input. However, as shown in Fig. 2, that of the SC-GDPWM
method additionally needs the measured phase currents as its
input. Assuming that the three-phase currents, ia, ib, and ic at
steady state are ideally sinusoidal in a balanced load, they can
be expressed as⎧⎨

⎩
ia = IA cos (θ − ϕ)
ib = IA cos (θ − 2π/3− ϕ)
ic = IA cos (θ − 4π/3− ϕ)

(2)

where IA is the amplitude and ϕ is the PF angle.
Note that the modulation signals and measured phase currents

are regarded as constants during a short carrier cycle, Tc [32].
Then, the algorithm used in the zero-sequence signal generator
of SC-GDPWM method is as follows. The flowchart is also
shown in Fig. 3 [15]. First, v∗an, v∗bn, and v∗cn generated in
every carrier cycle are arranged in descending order and denoted
as v∗1n, v∗2n, and v∗3n. For example, if v∗an > v∗bn > v∗cn, it
satisfies that v∗1n = v∗an, v∗2n = v∗bn, and v∗3n = v∗cn. Second,
the measured phase currents corresponding to each v∗1n, v∗2n,
and v∗3n are defined as i1, i2, and i3, respectively. Note here that
the definitions of i1, i2, and i3 are not related with the magnitude

Fig. 3. Flowchart to select the zero-sequence signal of SC-GDPWM method.

Fig. 4. Switching patterns obtained by the SC-GDPWM method. (a) v∗no =
1 − v∗1n. (b) v∗no = −1 − v∗3n.

of ia, ib, and ic. For instance, if v∗1n = v∗an, v∗2n = v∗bn, and v∗3n
= v∗cn, it simply satisfies that i1 = ia, i2 = ib, and i3 = ic.
Last, v∗no is chosen between 1 − v∗1n and −1 − v∗3n depending
on the absolute values of i1 and i3. Two possible switching
patterns obtained by the SC-GDPWM method are described in
Fig. 4, where v∗1o, v∗2o, and v∗3o are the corresponding outcomes of
zero-sequence signal injection, and s1, s2, and s3 are the binary
switching functions generated by v∗1o, v∗2o, and v∗3o, respectively.
In the first case shown in Fig. 4(a), v∗no = 1 − v∗1n is used so that
no switching event occurs at s1. By doing this, the switching
losses caused by i1 are eliminated. In the second case shown in
Fig. 4(b), on the other hand, the switching losses caused by i3 are
removed by using v∗no =−1 − v∗3n. Consequently, if |i1|> |i3|,
the first case is chosen to minimize the switching losses because
the switching losses are proportional to the absolute value of
phase current at the switching event [33]. Otherwise, the second
case is selected.

III. ANALYSIS OF DC-LINK CAPACITOR CURRENT

The instantaneous value of inverter input current, iin is the sum
of phase currents flowing through the upper switching devices,
Sa+, Sb+, and Sc+ (Fig. 1). Therefore, it can be obtained in
terms of the phase currents and binary switching functions as

iin = saia + sbib + scic = s1i1 + s2i2 + s3i3. (3)

Two waveforms of iin within a carrier cycle are shown in
Fig. 5 when the SC-GDPWM method is applied. From Fig. 5,
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Fig. 5. Waveforms of inverter input current within one carrier cycle when the
SC-GDPWM method is applied. (a) v∗no = 1 − v∗1n. (b) v∗no = −1 − v∗3n.

it is noted that the fluctuation of iin is quite high as it frequently
jumps between the values of phase currents and zero.

Assuming that the capacitance of dc-link capacitors is large,
iin can be divided into two components. The first one is the
constant current, ibat, flowing through the batteries. As the value
of ibat is equal to the per-carrier-cycle average of inverter input
current, iin-ave, it can be calculated as

ibat = iin−ave =
1

Tc

∫ Tc

0

iindt ibat = d1i1 + d2i2 + d3i3

=
3

4
mIA cos (ϕ) (4)

where d1, d2, and d3 are the duty cycles of s1, s2, and s3,
respectively. It is observed from (4) that ibat is the function of
m, IA, and ϕ (therefore, depending on the load conditions). The
other component of iin is the high-frequency harmonic current,
icap flowing through the dc-link capacitors, which is referred to
as the dc-link capacitor current. The instantaneous value of icap

can be expressed by the Kirchhoff’s current law as

icap = iin − ibat = iin − iin−ave. (5)

According to (3)–(5), one can note that it is able to re-
duce the fluctuation of icap because iin changes depending on
the switching states of VSI. That is, if the switching patterns are
properly modified, it is possible to make the peak-to-peak value
of icap small. The MC-GDPWM method is proposed to adapt
the switching patterns of SC-GDPWM method based on the
proposed carrier selection strategy and minimize the fluctuation
of icap under all operating conditions of VSI.

IV. PROPOSED CARRIER SELECTION STRATEGY

It is shown in Fig. 5 that the waveforms of iin by the SC-
GDPWM method consist of i1, −i3, and 0. Also, its peak-to-
peak value becomes either i1 or−i3 depending on v∗no. However,
this is satisfied only when the PF is high, and the waveform can
vary with the PF because the state of phase currents can be
changed depending on the PF. For example, the waveforms of
v∗1o, v∗2o, v∗3o, i1, i2, i3, and resultant iin in the range of 0° ≤ θ ≤
120° are illustrated in Fig. 6 when ϕ= 15° and 60°, respectively
(m = 0.8 and the waveforms are repeated every 120°). First, the
waveform of iin, shown in Fig. 6(a), corresponds well to Fig. 5
because i1 and−i3 are always positive. On the other hand, in the
gray-colored areas of Fig. 6(b), the different patterns of iin are

Fig. 6. Waveforms of v∗1o, v∗2o, v∗3o, i1, i2, i3, and resultant iin when the
SC-GDPWM method is applied at m = 0.8. (a) ϕ = 15°. (b) ϕ = 60°.

shown (the negative iin is generated) and its peak-to-peak value
becomes |i1 + i3| as the polarities of i1 and −i3 are different.

As the waveform of iin shows the different characteristics
depending on the state of phase currents, it can be divided into
two areas. The first one is the white-colored areas in Fig. 6, where
i1 and i3 have the different polarity. It is defined as Area I. The
second one defined as Area II is the gray-colored areas shown
in Fig. 6(b), where the polarities of i1 and i3 are same. In Area
I and II, another feature can be found in terms of i2, which is
the key factor in the proposed carrier selection strategy (details
are explained behind). In Area I, |i2| is less than the larger of
|i1| and |i3| (either |i1| > |i2| or |i3| > |i2| is satisfied). On the
other hand, in Area II, it is not satisfied and |i2| is the maximum
among the absolute values of three-phase currents (both |i2| ≥
|i1| and |i2| ≥ |i3| are satisfied).

The distribution chart of Areas I and II is shown in Fig. 7
according to θ and ϕ. As shown here, when |ϕ| < 30°, only
Area I exists over the fundamental cycle. Area II begins to appear
when |ϕ| = 30° and expands as |ϕ| increases from 30° to 90°.
When |ϕ| = 90°, only Area II exists in the fundamental cycle.
The proposed MC-GDPWM method takes the different carrier
selection strategy in Areas I and II.
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Fig. 7. Distribution chart of Areas I and II.

Fig. 8. Waveforms of inverter input current with the double carrier signals
when v∗no = 1 − v∗1n in Area Ⅰ. (a) d2 + d3 < 1. (b) d2 + d3 ≥ 1.

A. Carrier Selection Strategy in Area I

Supposing that v∗no = 1 − v∗1n in Area I (the point where θ
= 30° in Fig. 6(a) can be an example), the peak-to-peak value
of iin by the single carrier signal is i1 as shown in Figs. 5(a)
and 6(a). In contrast to this, two possible waveforms of iin are
shown in Fig. 8 when the double carrier signals are used (−i2
is positive in this condition as shown in Fig. 6). Here, using
the double carrier signals means that an additional carrier signal
(red-dashed line) with the opposite sign to the original one (black
solid line) is used, and only v∗2o is compared with it. As the
result, ON and OFF states of s2 are reversed, while d2 remains
the same. Furthermore, the peak-to-peak value of iin is reduced
than that by the single carrier signal. However, the peak-to-peak
values of iin in the two cases of Fig. 8 are different from each
other. In Fig. 8(a), the ON-state durations of s2 and s3 do not
overlap (d2+ d3< 1). In consequence, the switching state where
only s2 is 0 appears instead of the zero-voltage state (in which
all switching functions simultaneously become 1) disappearing.
Also, the lowest value of iin increases from 0 to−i2 (or−i3 when
it is lower than −i2). On the contrary, the ON-state durations of
s2 and s3 overlap (d2 + d3 ≥ 1) in Fig. 8(b), and the highest
value of iin decreases from i1 to −i3 (or −i2 when it is larger
than −i3). This is because the switching states in which only
s1 is 1 are missing and the switching state in which only s2 is
0 occurs.

Fig. 9. Waveforms of inverter input current with the double carrier signals
when v∗no = −1 − v∗3n in Area Ⅰ. (a) d1 + d2 > 1. (b) d1 + d2 ≤ 1.

Two possible waveforms of iin by the double carrier signals
are additionally shown in Fig. 9 when v∗no = −1 − v∗3n in Area
Ⅰ [the point where θ = 90° in Fig. 6(a) can be an example and i2
is positive in this condition]. As shown here, the fluctuation of
iin by the double carrier signals is smaller than that by the single
carrier signal according to the same principle described earlier.

Consequently, it is clearly confirmed in Area I that using the
double carrier signals is more advantageous for reducing the
peak-to-peak value of iin than the single carrier signal, and this
is because i2 is used to form the waveform of iin instead of zero
or the highest peak.

It is also observed from Figs. 8 and 9 that the switching losses
by the double carrier signals are theoretically same as those by
the single carrier signal because the use of double carrier signals
has little effect on the total number of switching events that occur
during the fundamental cycle. When Area I is switched to Area
II or vice versa, an additional switching event can occur (this
is not problematic when |ϕ| < 30°). However, the number of
these additional switching events is small when compared to the
total number of switching events. The detailed calculation of
switching loss function (SLF) by the SC-GDPWM method is
given in [15], and the MC-GDPWM method has the same SLF
in theory.

B. Carrier Selection Strategy in Area II

Using the double carrier signals is the typical carrier selection
strategy that the NSPWM, TSPWM, DCPWM, and GTSPWM
methods employ to reduce the problematic dc-link capacitor
current. Nevertheless, this is not the solution to all operating
conditions of VSI because the waveform of iin is different in
Area II from that in Area I. Supposing that v∗no = 1 − v∗1n in
Area II [the point where θ= 15° in Fig. 6(b) can be an example],
the waveforms of iin by the single and double carrier signals are
described in Fig. 10. This time, unlike in Area I, the peak-to-peak
value of iin by the double carrier signals is greater than that by
the single carrier signal. This is because |i2| is the maximum in
Area II among the absolute values of phase currents, and it no
longer guarantees the reduced fluctuation of iin. It is the same
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Fig. 10. Waveforms of inverter input current when v∗no = 1 − v∗1n in Area II.
(a) Case when the single carrier signal is used. (b) Case when the double carrier
signals are used.

Fig. 11. Block diagram to implement the proposed MC-GDPWM method.

for the case when v∗no = −1 − v∗3n in Area II. Thus, in Area
II, using the single carrier signal is more useful for reducing the
fluctuation of iin than the double carrier signals.

C. Implementation of Proposed MC-GDPWM Method

The block diagram for the proposed MC-GDPWM method
is shown in Fig. 11. When compared to that of conventional
SC-GDPWM method shown in Fig. 2, the main difference is that
the carrier signal generator individually offers the three separate
multicarrier signals, vcar−a , vcar−b, and vcar−c to the comparators
of each phase. Also, the modulation signals and measured phase
currents are provided as the input of carrier signal generator.

The flowcharts for the proposed carrier selection strategy
of MC-GDPWM method are illustrated in Fig. 12, by which
the carrier signal generator can produce the proper multicarrier
signals. According to the criteria for distinguishing Area I and II,
two types of flowcharts can be considered. The first one shown in
Fig. 12(a) uses the product of i1 and i3 (which discerns whether
the polarities of i1 and i3 are same or different), whereas the
second one shown in Fig. 12(b) uses the relationship between
the absolute values of three-phase currents. After Areas I and II
are determined by one of those two flowcharts, the modulation
signal to be compared with −vtri in Area I is chosen. As pre-
viously mentioned, only v∗2o is compared with −vtri according
to the proposed carrier selection strategy (Figs. 8 and 9). As an
example, the waveforms of v∗ao, v∗bo, v∗co, ia, ib, ic, and resultant
iin in the range of 0° ≤ θ ≤ 120° are described in Fig. 13 when
the proposed MC-GDPWM method is applied at ϕ = 15° and

Fig. 12. Two types of flowcharts to select the multicarrier signals of proposed
MC-GDPWM method. (a) First type using the product of i1 and i3. (b) Second
type using the relationship between absolute values of phase currents.

60°, respectively (m = 0.8). Those waveforms can be divided
into two parts. The first part is in the range of 0° < θ < 60°
where v∗ao > v∗bo > v∗co is satisfied (v∗1o = v∗ao, v∗2o = v∗bo, v∗3o =
v∗co and i1 = ia, i2 = ib, i3 = ic). Accordingly, vcar−a and vcar−c

become vtri, while vcar−b becomes −vtri in Area Ⅰ. Similarly, the
second part is in the range of 60° < θ < 120° where v∗bo > v∗ao
> v∗co is satisfied (v∗1o = v∗bo, v∗2o = v∗ao, v∗3o = v∗co and i1 = ib,
i2 = ia, i3 = ic). Then, only vcar−a becomes −vtri in Area I. As
a result, it is clearly observed in Fig. 13 that the peak-to-peak
value of iin is minimized by the proposed MC-GDPWM method
when compared to that shown in Fig. 6.
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Fig. 13. Waveforms of v∗ao, v∗bo, v∗co, ia, ib, ic, and resultant iin when the
MC-GDPWM method is applied at m = 0.8. (a) ϕ = 15°. (b) ϕ = 60°.

V. THEORETICAL ANALYSIS OF PROPOSED PWM METHOD

A. RMS Value of DC-Link Capacitor Current

The rms calculation is commonly accepted as a criterion to
quantify the dc-link capacitor current [17] because it does not
contain the dc component and fluctuates around zero (its average
is zero in theory). Besides, it is mathematically true that the larger
the peak-to-peak value of dc-link capacitor current, the higher its
rms value. Thus, reducing the peak-to-peak value and reducing
the rms value are equivalent in terms of the dc-link capacitor
current. To examine the dc-link capacitor current reduction effect
by the proposed MC-GDPWM method, the per-carrier-cycle
rms value of inverter input current, iin−rms and that of dc-link
capacitor current, icap−rms are first calculated as

iin−rms =

√
1

Tc

∫ Tc

0

i 2
indt

=

√
1

Tc

∫ Tc

0

(s1i1 + s2i2 + s3i3)
2 dt (6)

icap−rms =

√
1

Tc

∫ Tc

0

(iin − iin−ave)
2 dt

=
√
i 2
in−rms − i 2

in−ave. (7)

Fig. 14. Waveforms of per-carrier-cycle rms values of dc-link capacitor current
at m = 0.8. (a) ϕ = 15°. (b) ϕ = 60°.

According to (6) and Fig. 5, when the single carrier signal is
used, the value of iin−rms can be computed as

iin−rms =
√

i 2
1 (d1 − d2) + i 2

3 (d2 − d3). (8)

The SC-GDPWM method always satisfies (8). In contrast,
when the double carrier signals are used, it can be calculated for
the four different conditions shown in Figs. 8 and 9 as

iin−rms =
√

i 2
1 (1− d2 − d3) + i 2

2 d3 + i 2
3 d2

(if |i1| > |i3| and d2 + d3 < 1)
(9)

iin−rms =
√
i 2
2 (1− d2) + i 2

3 (1− d3)
(if |i1| > |i3| and d2 + d3 ≥ 1)

(10)

iin−rms =
√

i 2
1 (1− d2) + i 2

2 (1− d1) + i 2
3 (d1 + d2 − 1)

(if |i3| > |i1| and d1 + d2 ≥ 1)

(11)

iin−rms =
√
i 2
1 d1 + i 2

2 d2
(if |i3| ≥ |i1| and ≤ d1 + d2 ≤ 1).

(12)

Using (4) and (7)–(12), the values of icap−rms by the SC-
GDPWM and MC-GDPWM methods are calculated when m =
0.8 and ϕ = 15° and 60°, and the results in the range of 0° ≤
θ ≤ 60° are shown in Fig. 14 (they are repeated every 60°).
The values are normalized to the rms value of phase current,
IA−rms. As the result, it is clearly observed that the proposed
MC-GDPWM method produces smaller icap−rms in Area I than
the existing SC-GDPWM method, whereas they have the same
icap−rms in Area II.

The per-fundamental-cycle rms value of dc-link capacitor
current, Icap−rms is also calculated as

Icap−rms =

√
3

π

∫ π
3

0

i 2
cap−rms dθ

=
√
I 2
in−rms − I 2

in−ave (13)

where Iin−rms and Iin−ave are the per-fundamental-cycle rms
value and average of inverter input current, respectively. Based
on (13), the ratio of proposed MC-GDPWM method to the ex-
isting SC-GDPWM method for Icap−rms is obtained and shown
in Fig. 15(a). It is clearly observed that the ratio is less than unity
under all operating conditions of VSI, and the reduction effect is
more prominent in the high PF range. The lowest ratio is 0.5664
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Fig. 15. Comparison of per-fundamental-cycle rms values of dc-link capacitor
current. (a) Ratio of the MC-GDPWM method to the SC-GDPWM method. (b)
Normalized rms values of dc-link capacitor current at m = 0.679.

Fig. 16. Waveforms of dc-link voltage ripple within a carrier cycle. (a) Case
when the single carrier signal is used. (b) Case when the double carrier signals
are used.

at m = 0.679 and unity PF. The values of Icap−rms at m = 0.679,
which are normalized to IA−rms, are also shown in Fig. 15(b).

B. DC-Link Voltage Ripple

As the high-frequency fluctuating current flows through the
dc-link capacitors, the voltage ripple is inevitably generated at
the dc-link of VSI [34]. When Δvdc is the dc-link voltage ripple
within one carrier cycle, it can be obtained as

Δvdc = − 1

Cdc

∫ Tc

0

icapdt =
1

Cdc

∫ Tc

0

iin−ave − iin dt (14)

where Cdc is the total capacitance of dc-link capacitors.
By (14), it is known that the smaller fluctuation of icap results

in the smaller fluctuation ofΔvdc. The waveforms ofΔvdc within
one carrier cycle by the single and double carrier signals are de-
scribed in Fig. 16 (m = 0.8, ϕ= 15°, and θ= 25°). As expected,
it is observed here that the peak-to-peak value of dc-link voltage
ripple, Δvpp becomes smaller if the double carrier signals are
used when compared to the single carrier signal. In other words,
the proposed MC-GDPWM method makes Δvpp smaller than
the conventional SC-GDPWM method in Area I.

The waveforms of Δvpp by the SC-GDPWM and MC-
GDPWM methods in the range of 0° ≤ θ ≤ 60° are also shown
in Fig. 17 when m = 0.8 and ϕ = 15° and 60°. The value of
Δvpp is normalized to IATc/Cdc [34]. It is observed that the

Fig. 17. Waveforms of normalized peak-to-peak dc-link voltage ripple at m
= 0.8. (a) ϕ = 15°. (b) ϕ = 60°.

proposed MC-GDPWM method has smaller Δvpp in Area I than
the conventional SC-GDPWM method, whereas they have the
same Δvpp in Area II.

C. Phase Current Quality

To evaluate the phase current quality by the proposed MC-
GDPWM method, the conceptual harmonic flux vector is uti-
lized [33]. Based on the space vector theory, the normalized
harmonic flux vector, λhn within one carrier cycle can be calcu-
lated as the time integral of instantaneous voltage vector error
as

λhn =
2

VdcTc

∫ t

0

(Vk − V ∗) dτ(0 ≤ t ≤ Tc) (15)

where Vk (k = 0–7) are the space voltage vector, and V ∗ is the
voltage reference vector. Because the average of λhn is zero, it
is also evaluated by calculating its per-fundamental-cycle rms
value, λhn−rms as

λhn−rms = kf

√√√√√ 3

π

∫ π
3

0

⎛
⎝ 1

Tc

Tc∫
0

λhn
2dt

⎞
⎠ dθ (16)

where kf is the carrier frequency coefficient [33]. The values
of λhn−rms by the symmetrical SVPWM, SC-GDPWM, and
MC-GDPWM methods are computed at ϕ = 15° and 60° us-
ing (16) and shown in Fig. 18 (for intuitive comparison, the
symmetrical SVPWM method, which is widely known to have
the best harmonic performance, is involved). As a result, it is
observed in Fig. 18(a) and (b) that the proposed MC-GDPWM
method distorts the phase currents more than the conventional
PWM methods under the same carrier frequency condition (the
value of kf for the SVPWM and both GDPWM methods is
unity). This is because the use of double carrier signals causes
larger voltage errors. On the other hand, under the same average
switching frequency condition (the value of kf for the SVPWM
method is unity, and that for both GDPWM methods is 2/3),
the proposed MC-GDPWM method can provide relatively good
quality of phase currents, particularly in the high MI range as
shown Fig. 18(c) and (d).

The ratios of proposed MC-GDPWM method to the two
existing PWM methods for λhn−rms are also shown in Fig. 19
under the same average switching frequency condition. It is
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Fig. 18. Normalized per-fundamental-cycle rms values of harmonic flux vec-
tor. (a)ϕ= 15° under the same carrier frequency condition. (b)ϕ= 60° under the
same carrier frequency condition. (c) ϕ= 15° under the same average switching
frequency condition. (d) ϕ = 60° under the same average switching frequency
condition.

Fig. 19. Comparison of per-fundamental-cycle rms values of harmonic flux
vector. (a) Ratio of the MC-GDPWM method to the SC-GDPWM method. (b)
Ratio of the MC-GDPWM method to the symmetrical SVPWM method under
the same average switching frequency condition.

observed in Fig. 19(a) that the ratio is greater than unity under
all operating conditions. It is also shown in Fig. 19(b) that the
ratio is greater than unity in the low MI range, but less than unity
in the high MI range.

D. Common-Mode Voltage

The high CMV may cause the electromagnetic interference
(EMI) noise and bearing failure in the motor drive system [24].
Thus, it is advantageous to reduce the CMV by modifying the
switching pattern [35], [36]. The instantaneous value of CMV,
vcm is generally defined with the voltage differences, vaN , vbN ,
and vcN between the output terminals of VSI and negative
terminal of dc-link, and it can be expressed as

vcm = vnN =
vaN + vbN + vcN

3
. (17)

Fig. 20. Comparison of per-fundamental-cycle rms values of CMV. (a) Ratio
of the MC-GDPWM method to the SC-GDPWM method. (b) Normalized rms
values of CMV.

Fig. 21. Pulse patterns of three-phase line-to-line voltages. (a) Case when the
single carrier signal is used. (b) Case when the double carrier signals are used.

The per-fundamental-cycle rms values of CMV, Vcm−rms by
the two GDPWM methods under all operating conditions are
compared in Fig. 20. The values of Vcm−rms in Fig. 20(b) are
normalized to Vdc. The results clearly prove that the proposed
MC-GDPWM method produces lower Vcm−rms than the SC-
GDPWM method (the value of Vcm−rms by the SC-GDPWM
method is irrelevant to ϕ). This is because the use of double
carrier signals effectively removes or reduces the time duration
of zero-voltage states which generate the oscillation of vcm at
maximum.

E. Line-to-Line Voltage

The rapid polarity reversal of line-to-line voltages may bring
about an overvoltage problem at the motor terminals that causes
the destruction of motor insulation and EMI, especially in the
applications using long cables between the VSI and motor
[35]–[37]. Thus, the line-to-line voltage patterns need to be
investigated when the switching patterns are modified. In Fig. 21,
pulse patterns of the three-phase line-to-line voltages, vab, vbc,
and vca with the single and double carrier signals are illustrated
when v∗an >v∗bn >v∗cn and v∗no = 1− v∗1n. As shown here, one of
the three-phase line-to-line voltages by the double carrier signals
has bipolar patterns in Area Ⅰ (vbc in this example), whereas those
by the single carrier signal have only unipolar patterns.

In order to avoid the problematic bipolar patterns of line-
to-line voltage, the sufficient zero-voltage time intervals are
required between the two voltage pulses with opposite polarity
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Fig. 22. Duty cycle of zero-voltage time interval of bipolar line-to-line voltage
by the MC-GDPWM method. (a) ϕ = 15°. (b) ϕ = 60°.

as shown in Fig. 21. Based on the switching patterns shown in
Figs. 8 and 9, the duty cycle of zero-voltage time interval, dzero

when the double carrier signals are used and can be obtained as

dzero =
|d2 + d3 − 1|

2
(if v∗no = 1− v∗1n) (18)

dzero =
|d1 + d2 − 1|

2
(if v∗no = −1− v∗3n). (19)

The values of dzero in the interval of 0° ≤ θ ≤ 60° are
computed at ϕ = 15° and 60° using (18) and (19), and they
are shown in Fig. 22 (they are repeated every 60°). The results
show that it is rarely possible for dzero to become zero in Area Ⅰ
by the MC-GDPWM method (in Area II, the line-to-line voltage
patterns are unipolar). In other words, the MC-GDPWM method
may cause the rapid polarity reversal of line-to-line voltages at
specific values of m and θ. For example, whenϕ= 15°, as shown
in Fig. 22(a), dzero is zero at the certain θ in the range of 2/3
≤ m ≤ 2

√
2/3 (m = 2/3, 0.8, and 2

√
2/3 in this example). On

the other hand, in the other range of m (m = 0.5 and 1.1 in this
example), it never becomes zero. Similarly, when ϕ = 60° as
shown in Fig. 22(b), it becomes zero at the certain θ in the range
of m ≥ 4

√
3/9 (m = 4

√
3/9, 0.9, and 1.05 in this example).

VI. EXPERIMENTAL VERIFICATION

A. Experimental Set-Up

In this section, the practical effectiveness of proposed MC-
GDPWM method is verified by the experimental tests on a
motor drive system shown in Fig. 23. In this experiment, the
switching devices and their gate drivers of VSI were consisted
of the intelligent power module (IPM) of IKCM30F60GD made
by Infineon. This IPM has been controlled by the digital signal
processor (DSP) of TMS320F28377S. As the dc-link capacitor,
the metallized polypropylene film capacitor of EZPE50107MTA
has been used. As the test motor, the interior permanent magnet
synchronous motor (IPMSM) has been utilized. The detailed
specification of parameters is given in Table II.

When implementing the proposed MC-GDPWM method in
practice, the multicarrier signals might be incorrectly selected

Fig. 23. Hardware set-up for the experimental test.

TABLE II
SPECIFICATION OF PARAMETERS USED IN THE EXPERIMENTAL TEST

Fig. 24. Six points in which multicarrier selection errors can occur (ϕ= 60°).
(a) Case when the first flowchart of multicarrier selection is used. (b) Case when
the second flowchart of multicarrier selection is used.

near six points, where Area II is switched to Area I as shown in
Fig. 24, within one fundamental cycle (this is not a problem when
|ϕ| < 30°). This is because of the phase current measurement
error. For example, the carrier selection error might occur near
the zero-crossing points of i1 and i3 when the carrier signals
are selected by the first type of flowchart shown in Fig. 12(a).
Similarly, when the second type of flowchart shown in Fig. 12(b)
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Fig. 25. Experimental waveforms of pole voltage reference, line-to-line voltage, phase current, dc-link capacitor current, dc-link voltage ripple, and CMV near
ϕ= 15°. (a) SC-GDPWM method near m = 0.2. (b) MC-GDPWM method near m = 0.2. (c) SC-GDPWM method near m = 0.7. (d) MC-GDPWM method near
m = 0.7.

is used, the error might be detected near the intersection points
between |i1| and |i2| or |i2| and |i3|. To minimize the carrier
selection error in this experiment, the instantaneous phase cur-
rents are sampled at the center of each carrier cycle by the
analog-to-digital converter in the DSP, and their fundamental
component is used as far as possible. In addition, the sampled
phase currents are reconstructed in the DSP by using the d- and
q-axis currents filtered by the digital low-pass filter and rotor
angle although delays may occur in the transient state. In this
experiment, between the two types of flowcharts for the proposed
carrier selection strategy, the second one has been used.

In fact, the occasional carrier selection errors are accept-
able because there is no significant difference in the values
of icap−rms at the points where Area II is switched to Area I,
as shown in Fig. 14(b). Nevertheless, if it is still considered
as a problem, some advanced current measurement techniques
with oversampling or calculating the average over the past
carrier cycle can be utilized for the accurate measurement of
current [38].

B. Experimental Waveforms

The experimental waveforms of v∗ao, vab, ia, icap, Δvdc,
and vcm by the conventional SC-GDPWM and proposed MC-
GDPWM methods are shown in Fig. 25 when m is close to 0.2

and 0.7 andϕ is close to 15°. The waveforms have been measured
by the mixed signal oscilloscope of Tektronix MSO58, which
has the bandwidth of 500 MHz and the dc gain accuracy of 1.0%.
For the voltage measurement, the high-voltage differential probe
of Tektronix THDP0200, which has the bandwidth of 200 MHz,
has been used. The dc-link capacitor current has been directly
measured using the ac/dc current probe of Tektronix TCP0020,
which has the bandwidth of 50 MHz and high accuracy with
less than 1.0% dc gain error. For the phase current measurement,
the ac/dc current probe of Tektronix TCP0150, which has the
bandwidth of 20 MHz, has been used. The value of IA has been
controlled to 12 A in all test conditions, and the value of ϕ has
been set by properly controlling the d- and q-axis currents. It is
observed from the results of Fig. 25 that the SC-GDPWM and
MC-GDPWM methods have the different waveforms of vab, ia,
icap,Δvdc, and vcm due to the proposed carrier selection strategy,
although they have the same v∗ao. Above all, it is clearly verified
that the fluctuations of icap, Δvdc, and vcm are significantly
reduced by the proposed MC-GDPWM method. However, the
MC-GDPWM method partially results in the bipolar patterns
of vab, while the SC-GDPWM method only has the unipolar
pattern. Because of that, the waveform of ia by the MC-GDPWM
method is more distorted than that by the SC-GDPWM method,
and the rapid polarity reversal problem of line-to-line voltage
can arise.
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Fig. 26. Experimental frequency spectrums of dc-link capacitor current near
m = 0.7 and ϕ = 15°. (a) SC-GDPWM method. (b) MC-GDPWM method.

Fig. 27. Experimental waveforms and their frequency spectrums of phase
current near m = 0.7 and ϕ = 15° (fc = 5 kHz). (a) SC-GDPWM method. (b)
MC-GDPWM method.

The experimental frequency spectrums of icap by the SC-
GDPWM and MC-GDPWM methods are shown in Fig. 26 near
m = 0.7 and ϕ= 15°. It is observed here that the peak harmonic
component of icap is detected near carrier frequency in both
GDPWM methods. Also, it is clearly shown that not only the
value of Icap−rms is decreased from 5.74 to 3.42 A (the reduction
of 40.42%), but also its peak harmonic component near carrier
frequency is dramatically reduced from 6.93 to 2.20 A (the
reduction of 68.25%) by the proposed MC-GDPWM method
despite the distortion of phase currents [by (3) and (5), it is
known that the phase current distortion may affect the dc-link
capacitor current].

The experimental waveforms and their frequency spectrums
of ia by the SC-GDPWM and MC-GDPWM methods are shown
in Fig. 27 near m = 0.7 and ϕ = 15°. To exaggerate the har-
monic components, both GDPWM methods have been applied
with a lower carrier frequency (fc = 5 kHz). As expected, the
MC-GDPWM method has the worse quality of phase current
than the SC-GDPWM method because the larger voltage error is
generated by using the double carrier signals. The total harmonic
distortion (THD) of ia is increased from 6.35% to 10.14%, and
its peak harmonic component near carrier frequency is increased
from 0.398 to 0.712 A.

The bipolar pattern of vab by the MC-GDPWM method is
zoomed and shown in Fig. 28 near m = 0.7 and ϕ= 15°. In this
condition, there is a possibility of rapid polarity reversal of line-
to-line voltage (Fig. 22). However, although the instantaneous

Fig. 28. Zoomed waveform of bipolar line-to-line voltage and binary switch-
ing functions by the MC-GDPWM method near m = 0.7 and ϕ = 15°.

Fig. 29. Experimental waveform of line-to-line voltage, phase current, and
dc-link capacitor current by the proposed MC-GDPWM method when load is
changed.

voltage transition of vab between Vdc and −Vdc is actually found
in Fig. 28 (which is harmful to the motor windings), it rarely
occurs in some narrow regions within the fundamental cycle.
Also, it may not occur depending on the MI. Thus, the MC-
GDPWM method does not seem to cause the serious problem
in the line-to-line voltage. Nevertheless, this bipolar line-to-line
voltage needs to be carefully handled case by case in practice
because the minimum zero-voltage time interval for avoiding it
depends on the individual motor drive system [36]. Recently, the
integration of VSI and motor is being made particularly for the
EV applications to place the VSI as close as possible to motor
so that it can mitigate the overvoltage problem [1].

To demonstrate the dynamic transition process of Areas I
and II, the experimental waveforms of vab, ia, and icap by the
proposed MC-GDPWM method are shown in Fig. 29 when the
amplitude of phase current reference, IA−ref is increased from 3
to 12 A near m = 0.7 and ϕ = 45°. The low and high values of
Area in Fig. 29 indicate Areas I and II, respectively. It is clearly
observed that the transition between Area I and II is seamless
without any disturbances in the motor drive system even when
its load is changed. This is because the average of phase current
ripple over each carrier cycle is zero although different switching
patterns are applied, and this makes it possible to seamlessly
change one switching pattern to another every carrier cycle [24].
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Fig. 30. Experimental results of normalized rms value of dc-link capacitor current. (a) m = 0.2. (b) m = 0.7. (c) m = 1.0.

Fig. 31. Experimental results of THD of phase current, normalized rms value of CMV, and efficiency. (a) THD of phase current near ϕ = 15°. (b) Normalized
rms value of CMV near ϕ = 15°, 45°, and 75°. (c) Efficiency near ϕ = 15°.

C. Performance Comparison

The performance by the proposed MC-GDPWM method is
compared under several conditions to that by the symmetrical
SVPWM and SC-GDPWM methods with respect to the rms
value of dc-link capacitor current, THD of phase current, rms
value of CMV, and efficiency (the experimental results by the
symmetrical SVPWM method are additionally provided as a
standard for intuitive comparison). In all test condition, the value
of IA has been controlled to 12 A.

First, the measured values of Icap−rms by the symmetrical
SVPWM, SC-GDPWM, and proposed MC-GDPWM meth-
ods are shown in Fig. 30 near m = 0.2, 0.7, and 1.0. They
are directly calculated by the rms measurement algorithm of
MSO58 and normalized to IA−rms. It is clearly observed here
that the proposed MC-GDPWM method effectively reduces
Icap−rms when compared with the conventional SVPWM and
SC-GDPWM methods under all test conditions, although it
has the distorted phase currents (the degraded phase currents
might increase Iin−rms and Icap−rms). In particular, the point
with the largest decline is observed near m = 0.7 and unity
PF (the reduction of 38.61% and 41.32%, when compared with
that by the SVPWM and SC-GDPWM methods, respectively).
This is because the dc-link capacitor current reduction effect

of proposed carrier selection strategy is more dominant than
its phase current distortion effect. Note that the SC-GDPWM
method has higher Iin−rms than the SVPWM method due to the
distorted phase currents and larger dc-link voltage ripple.

Second, the comparison for the THD of measured ia by
the three different PWM methods near ϕ = 15° is shown in
Fig. 31(a). The values of THD have been calculated using the
fast Fourier transform algorithm. As previously analyzed with
the conceptual harmonic flux vector, the proposed MC-GDPWM
method has higher THD than the two conventional PWM meth-
ods under the same carrier frequency condition (1.45–2.14 times
that by the SVPWM method and 1.07–1.52 times that by the
SC-GDPWM method). This is a general tradeoff issue resulting
from the dc-link capacitor current and CMV reduction. Nev-
ertheless, the MC-GDPWM method provides the competitive
performance of THD at the same average switching frequency
condition (1.12–1.58 times that by the SVPWM method and
0.89–1.43 times that by the SC-GDPWM method). In particular,
the difference between the three PWM methods becomes smaller
in the high MI range, and the MC-GDPWM method even has
lower THD than the SC-GDPWM method in the relatively low
MI range near 0.2. Moreover, the value of kf for the GDPWM
methods can be reduced to a half (1/2) under the same switching
loss condition (this is true for |ϕ| < 30°, where the SLF of
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GDPWM methods is 0.5 [13]). In other words, the shortcoming
of increased THD by the proposed MC-GDPWM method can be
overcome by using a higher carrier frequency. It is also expected
that it will be possible to employ the higher carrier frequency
with the advent of wide-bandgap (WBG) semiconductor devices
if their high dv/dt and di/dt problems are solved by passive,
active, and soft-switching techniques [39] and advanced circuit
designs [40], [41].

Third, the normalized values of measured Vcm−rms by the
SVPWM, SC-GDPWM, and MC-GDPWM methods near ϕ =
15°, 45°, and 75° are shown in Fig. 31(b). They also have been di-
rectly calculated by the rms measurement algorithm of MSO58.
Similar to the results of Icap−rms, the proposed MC-GDPWM
method provides improved common-mode features than the two
conventional PWM methods. In particular, the reduction effect
of CMV becomes more prominent in the high PF range.

Last, the efficiencies by the three PWM methods near ϕ =
15° are compared in Fig. 31(c). They have been measured by
the power analyzer of ZES ZIMMER LMG670, which has the
bandwidth of 10 MHz and the accuracy of 0.015%. Due to their
optimal modulation signals to minimize the switching losses, the
measured efficiencies by both MC-GDPWM and SC-GDPWM
methods are higher than that by the SVPWM method.

VII. CONCLUSION

This article proposed the carrier selection strategy of MC-
GDPWM method for the two-level three-phase VSI to reduce
the rms value of dc-link capacitor current while maintaining
the minimum switching losses. To reduce the rms value of
dc-link capacitor current, the modulation signals of existing
SC-GDPWM method were selectively compared with the single
and double carrier signals based on the proposed carrier selection
strategy. Although it depends on the PF, the calculation of
PF was avoided because the multicarrier signals were chosen
based on the information of three-phase modulation signals and
measured three-phase currents. The minimum switching losses
were also kept by the proposed MC-GDPWM method because
the modulation signals of conventional SC-GDPWM method,
which were known to be optimal in terms of switching losses,
were employed, and the number of switching events remained
almost same even though the proposed carrier selection strategy
was employed.

It was analytically validated that the proposed MC-GDPWM
method effectively reduced the rms value of dc-link capacitor
current under all operating conditions of VSI compared with
the conventional PWM methods. The dc-link voltage ripple was
also reduced as the dc-link capacitor current decreased. The high
efficiency of VSI was maintained well, and the improvement of
common-mode features was also made such that it is expected
to help alleviate the EMI problems. However, the MC-GDPWM
method distorted the phase currents more than the conventional
PWM methods. This was a tradeoff issue resulting from the
reduction of dc-link capacitor current and CMV. In the near
future, it is expected to be overcome by increasing the switching
frequency with the use of WBG semiconductor devices if their
high dv/dt and di/dt problems are solved by the advanced control

and design technologies. The rapid polarity reversal problem
in line-to-line voltage was also observed such that it was not
serious. The practical effectiveness of proposed MC-GDPWM
method was verified by the experimental results on the IPMSM
drive system.
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