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Abstract—Three-phase DC/AC power electronics converter 
systems used in battery-powered variable-speed drive systems 
or employed in three-phase mains-supplied battery charger 
applications usually feature two power conversion stages. In both 
cases, typically a DC/DC stage is attached to a three-phase DC/
AC stage in order to enable buck-boost functionality and/or a 
wide input-output voltage operating range. However, a two-stage 
solution leads to a high number of switched bridge-legs and hence, 
results in high switching losses, if the degrees of freedom available 
for controlling the overall system are not utilised. If the DC/DC 
stage is used to vary the DC link voltage with six times the AC-
side frequency, a pulse width modulation (PWM) of always only 
one phase of the DC/AC stage is sufficient to achieve three-phase 
sinusoidal output currents. The clamping of two phases (denoted 
as 1/3 PWM) leads to a drastic reduction of the DC/AC stage 
switching losses, which is further accentuated by a DC link voltage 
which is lower than for the conventional modulation schemes. This 
paper details the operating principle of a three-phase buck-boost 
converter system using 1/3 PWM and outlines an appropriate 
control system design. Subsequently, the switching losses and 
the voltage/current stresses on the converter components are 
analytically derived. There, a more than 66% reduction of the DC/
AC stage switching losses is calculated without any increase of the 
stress on the remaining converter components. The theoretical 
considerations are finally verified on a hardware demonstrator, 
where the proposed modulation strategy is experimentally 
compared against several conventional modulation techniques and 
its clear performance advantages are validated.

Index Terms—Battery charger, control system design, modula-
tion strategy, variable-speed drives, wide input-output voltage 
range.  

I. Introduction

THREE-PHASE DC/AC converter systems for E-mobility 
applications are currently in high demand. Such three-

phase converters appear either in inverter systems, such as 
variable-speed motor drives [1], [2], or in three-phase pulse 
width modulation (PWM) rectifier systems, used for fast 
battery charging [3], [4]. Since both power electronics systems 
are typically installed on a vehicle, it is required that the 
converters are highly efficient while maintaining a high power 
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density. At the same time, three-phase inverters and/or rectifiers 
in E-mobility applications have to cope with a wide input-
output voltage range.

In particular, a motor drive supplied by a battery must 
generate a controllable three-phase output AC voltage in 
an amplitude range Û 

m = 0...Û 
m,max. Simultaneously, the 

input battery DC voltage varies depending on the state-of-
charge, loading and temperature between Ub = Ub,min...Ub,max. 
Accordingly, the operation area of the inverter system is 
defined by all possible combinations of the DC input and the 
AC output voltage. As the motor line-to-line voltage amplitude 
Û 

m,LL = Û 
m can exceed the battery voltage Ub, a boost-type 

DC/DC converter stage that generates an adequately high DC 
link voltage uDC, is typically placed in front of the buck-type 
three-phase DC/AC converter stage as shown in Fig. 1(a). 

In analogy, three-phase fast battery chargers also have 
to operate within a wide voltage operating area. There, the 
output DC battery voltage varies in a range Ub = Ub,min...Ub,max 
depending on the vehicle type and charging status, while the 
input three-phase grid AC voltage can also fluctuate in a range 
Û 

m = Û 
m,min...Û 

m,max. The level of Ub can be lower than the input 
grid line-to-line voltage amplitude Û 

m,LL = Û 
m. Therefore, 

a buck-type DC/DC stage that adapts the DC link voltage uDC 
to Ub is typically placed after the three-phase boost-type PFC 
rectifier stage as is shown in Fig. 1(b). All in all, both systems, 
i.e., the variable-speed motor drive and the battery charging 
system, feature the same two-stage converter structure, just 
with opposite direction of the power flow. Unfortunately, 
this two-stage solution suffers from high switching losses 
and large heatsink volume originating from the fact that both 
converter stages are typically independently modulated with 
a high switching frequency. In the following, the example 
of a variable-speed motor drive system shown in Fig. 1(a) is 
analysed in detail, however, the same considerations also apply 
to the battery charging system of Fig. 1(b). 

For conventional sinusoidal PWM [5] of the DC/AC stage 
shown in Fig. 1(a), purely sinusoidally varied duty cycles are 
employed for all phases (i.e., no third harmonic component 
[6] is injected), as illustrated in Fig. 2(a.ii). This modulation 
strategy results in continuous switching of all three DC/AC 
stage half-bridges (in the following denoted as 3/3 PWM) and 
accordingly leads to high switching losses (cf., Fig. 2(a.i)). At 
the same time, 3/3 PWM requires a high DC link voltage uDC 
equal or larger than 2Û 

m(Û 
m denotes the motor phase voltage 
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Fig. 1.  For a variable speed motor drive application (a) supplied by a battery, a DC/DC boost-type converter stage is typically placed in front of the DC/AC 
converter stage in order to adapt the battery voltage Ub to the DC link voltage uDC required for generating the (speed dependent) motor voltage Û 

m. For a battery 
charging application (b) supplied from a three-phase AC grid, the battery voltage Ub can be higher or lower than the grid line-to-line voltage Û 

m. For this 
reason, a buck-type DC/DC stage is placed after the boost-type DC/AC (rectifier) stage in order to generate a DC output voltage Ub lower than the DC link 
voltage uDC.
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Fig. 2.  Different PWM strategies of a three-phase two-level DC/AC inverter. (i) Gate signals of the three DC/AC stage bridge-legs. (ii) Duty cycles of the bridge-
legs. (iii) DC link voltage uDC. In (a) the characteristic waveforms of 3/3 PWM are shown, which is characterized by purely sinusoidally varying duty cycles, 
continuous switching of all three-phases and a high DC link voltage uDC = 2Û 

m. In (b) the properties for 2/3 PWM are depicted, which allow for the switching of 
always only two out of three-phases and leaves the third phase clamped to the negative DC link rail. The DC link voltage can be lowered to uDC = Û 

m. In (c) 
the proposed 1/3 PWM scheme is illustrated, where always only one out of the three-phases is switched. The DC link voltage is varying over time, has a six-pulse 
shape (resulting from proper control of the DC/DC stage) and is equal to the largest instantaneous motor line-to-line voltage.
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amplitude) which is generated by the DC/DC stage, as shown 
in Fig. 2(a.iii). In order to reduce the switching losses, different 
clamping methods have been proposed in literature such as 
discontinuous PWM [7], [8], which always operates only two 
out of the three DC/AC half-bridges (denoted as 2/3 PWM, cf., 
Fig. 2(b.i)) and results at least in a 33% reduction of the DC/AC 
stage switching losses [9]. Typical duty cycles for 2/3 PWM 
are illustrated in Fig. 2(b.ii). There, negative clamping is used, 
i.e., at any given point in time, one of the low-side switches 
of the DC/AC stage is permanently turned-on and clamps the 
corresponding phase to the negative DC rail. It is noted that 2/3 
PWM employs non-sinusoidal duty cycles and/or output phase 
voltages of the DC/AC stage (measured against the negative 
DC rail) but still allows to generate a purely sinusoidal three-
phase line-to-line voltage system thanks to the open motor star 
point O (cf., Fig. 1(a)). Besides lower switching losses, 2/3 
PWM results in a lower DC link voltage requirement for the 
same output voltage modulation range, compared to 3/3 PWM 
and accordingly leads to a lower voltage stress on the converter 
components. In particular, the DC link voltage in the case of 
2/3 PWM should be equal or higher than the line-to-line motor 
voltage amplitude uDC ≥ Û 

m as depicted in Fig. 2(b.iii). 
Both, 3/3 PWM and 2/3 PWM, employ a constant DC 

link voltage uDC and the DC/DC stage and DC/AC stage 
are controlled independently. However, a constant DC link 
voltage uDC is actually not required. As shown in [10]–
[14] the modulation of the DC/DC and DC/AC stages can 
be synergetically combined which results in a significant 
performance improvement. If the DC/DC stage is used to 
vary the DC link voltage with six times the output frequency 
fm, a PWM of always only one phase of the DC/AC stage is 
sufficient to achieve three-phase sinusoidal output currents. The 
clamping of two phases (denoted as 1/3 PWM in the following) 
leads to a 66% reduction of the DC/AC stage switching losses 
compared to 3/3 PWM [15]–[18], and the corresponding 
DC link voltage is lower than, the conventional modulation 
schemes. The gating signals and the duty cycles for 1/3 PWM 
are plotted in Fig. 2(c.i) and (c.ii) respectively, while the time-
varying DC link voltage is depicted in Fig. 2(c.iii).

In the following, the 1/3 PWM strategy is explained in 
more detail (Section II) and an appropriate control structure 
for the overall converter system is presented. Subsequently, 
the switching losses of 1/3 PWM are analytically derived and 
compared against traditional PWM modulation strategies in 
Section III. Furthermore, the voltage and/or current stresses 
on the different converter components are calculated in order 
to allow a complete assessment of the 1/3 PWM scheme. In 
Section IV, a versatile hardware demonstrator is assembled 
and tested, employing either 1/3 PWM, 2/3 PWM or 3/3 
PWM which enables a comprehensive comparison among 
the different modulation strategies. Accordingly, the drastic 
switching loss reduction achieved by means of 1/3 PWM is 
experimentally verified. Finally, conclusions are drawn in 
Section V. 

II. Operation Principle 
The DC/AC stage operated with 1/3 PWM generates the 

three-phase sinusoidal motor voltages which are plotted in Fig. 
3(b.iii) 

(1)

                  

π

π

π π

π

where fm is the fundamental motor frequency. The 1/3 PWM 
features a variable DC link voltage uDC(t) generated by the 
preceding DC/DC stage, whose shape is always defined by 
the largest absolute motor line-to-line voltage uAB, uBC or uCA. 
Therefore, the DC link voltage has a six-pulse shape that varies 
between a minimum value of Û 

m cos (π/6) = 3/2Û 
m and 

a maximum value of Û 
m. The accordingly required duty 

cycle d of the DC/DC stage high-side switch is shown in Fig. 
3(a.ii) and the gating signal is plotted in Fig. 3(a.i). In Fig. 
3(a.iv) the battery current Ib and the DC link current DC are 
depicted. The local average value of the DC link current DC 

also fluctuates because the DC link voltage uDC is not constant. 
The product p(t) = uDC(t) · DC(t) of DC link voltage and current 
is constant in order to ensure a constant instantaneous power 
delivery p(t) to the motor.

Using the 1/3 PWM scheme, the DC/AC stage is controlled 
by the duty cycles da, db, dc depicted in Fig. 3(b.ii). For the first 
60° interval of the fundamental period, (highlighted in grey, 
cf., Fig. 3), where the line-to-line voltage |uCA| is the largest, 
the duty cycle of phase a is da = 1 (i.e., phase a is clamping to 
the positive DC link rail), the duty cycle of phase c is dc = 0 
(i.e., phase c is clamping to the negative DC link rail), while 
only the duty cycle of the middle phase b varies within db = 0, 
1. This means that the six-pulse shaped DC link voltage uDC 
is directly applied between phases a and c i.e., uac = uDC and 
only phase b i.e., the phase with the middle voltage value, is 
actively switched with PWM. Hence, neglecting the reactive 
voltages/currents of the Lm-Cm filter, the motor line-to-line 
voltage results as uAC  uac = uDC. Therefore, during the first 
60° an appropriate sinusoidal line-to-line voltage is applied 
between the motor terminals A and C, even though in the DC/
AC stage no switching action for the corresponding phases a 
and c is taking place. Accordingly, only the remaining motor 
terminal B voltage must be actively generated by the DC/
AC stage by means of switching phase b. It is noted that, the 
open star connection of the motor O, um,a + um,b + um,c = 0, is a 
prerequisite for 1/3 PWM, since it allows to generate a three-
phase voltage system by actively controlling only two voltages 
at any point in time. For the considered example, only the 
line-to-line voltage uac and the phase voltage ub are actively 
controlled. The same principle applies for the remaining 60° 
intervals of the fundamental period Tm, while the roles of 
phases a, b and c are exchanged. The sinusoidal motor currents 
and currents in the filter inductor Lm are plotted in Fig. 3(b.
iv). As can be noticed, always only the inductor current of the 
middle (PWM operated) phase exhibits a pronounced high-
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frequency current ripple, while the two other inductors conduct 
smooth sinusoidal motor currents, which in turn also reduces 
the high-frequency losses in the filter inductors. The DC/
AC stage inductor current ripple shape is unique to the DC 
link referenced filter of Fig. 1(a), i.e., for filter capacitors Cm 
connected to the negative DC link rail [19]. 

In the following, the analytic calculation of fundamental 
quantities and/or waveforms for the 1/3 PWM is performed. 
In a first step, the time behaviour of the DC link voltage uDC 
is formulated. To this end, the maximum instantaneous line-
to-line motor voltage is required which based on (1) has a six-
pulse shape and is

               (2)

where um,max(t) = max {um,a, um,b, um,c} and um,min(t) = min {um,a, 

Fig. 3.  Characteristic waveforms for 1/3 PWM operation of the converter system of Fig. 1(a), where (a) corresponds to the DC/DC stage and (b) refers to the DC/
AC stage and low switching frequency fs is assumed for the visualisation. In (a.i) the gate signal of the DC/DC stage high-side switch and in (a.ii) the duty cycle 
are depicted. In (a.iii) the variable DC link voltage uDC featuring a six-pulse shape is highlighted and in (a.iv) the battery current and DC link current are plotted. 
The gate signals and the duty cycles of the DC/AC stage are illustrated in (b.i) and (b.ii), respectively. Finally, the motor terminal voltages are plotted in (b.iii), 
while the motor phase currents and filter inductor currents are shown in (b.iv).

um,b, um,c}. The DC link voltage is subsequently derived (cf., 
Fig. 3(a.iii)) as

.            (3)

              

As long as the actual maximum line-to-line motor voltage 
um,LL,max(t) is below the battery voltage Ub, the boost-type DC/
DC converter cannot control the DC link voltage to a six-
pulse shape and thus clamps the DC link voltage uDC = Ub by 
permanently turning-on the high-side switch Tb1. On the other 
hand, as soon as the line-to-line motor voltage amplitude 

Û 
m exceeds the battery voltage Ub (for higher speeds), the 

DC/DC stage can control the DC link voltage to the six-pulse 
voltage uDC = um,LL,max(t). The duty cycle of the high-side switch 

M. ANTIVACHIS et al.: ANALYSIS OF A SYNERGETICALLY CONTROLLED TWO-STAGE THREE-PHASE DC/AC BUCK-BOOST CONVERTER
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Tb1 of the DC/DC stage is then given as (cf., Fig. 3(a.i) and (a.ii))

                                   (4)

In a second step, the duty cycles da, db and dc of the DC/
AC stage for 1/3 PWM are calculated, which is based on the 
same algorithm as used for 2/3 PWM [20] (cf., Fig. 2(b)). The 
duty cycle of each phase ranges within 0-1 and is split into a 
differential-mode (DM) and a common-mode (CM) part. The 
DM part is purely sinusoidal and is calculated for phases a, b 
and c based on (1), (3) as

                        (5)

The CM part or offset of the duty cycle, which is common to 
all three phases, is

            (6)

The total duty cycle is the sum of both components

                (7)

Based on these duty cycle calculations, when the instan-
taneous motor line-to-line voltage is lower than the battery 
voltage um,LL,max(t) ≤ Ub, the DC/DC stage clamps the DC 
link voltage to the battery voltage uDC = Ub. Then, the DC/
AC stage operates with 2/3 PWM resulting in the waveforms 
shown in Fig. 2(b). On the other hand, for um,LL,max(t) ≥ Ub, the 

DC/DC stage is activated and generates a DC link voltage uDC 

= um,LL,max(t), which in case of Û 
m ≥ 2Ub/3 shows a six-pulse 

shape. Then, the DC/AC stage is operating with 1/3 PWM 
(cf., Fig. 3(b.ii)). In other words, the 1/3 PWM results from the 
generalization of 2/3 PWM, since the same algorithm (cf., Fig. 
4) is used for the calculation of the DC/AC stage duty cycles 
throughout the whole DC link operation range. Depending on 
the relationship between the battery voltage Ub and the motor 
voltage Û 

m, the converter can transition continuously from 2/3 
PWM to 1/3 PWM and vice-versa. 

The 1/3 PWM is incorporated in a block diagram of a 
cascaded motor speed control in Fig. 4. There, the three-
phase motor currents im,a, im,b, im,c as well as the motor rotation 
angle ε and the motor speed ω are measured and fed as input 
to the motor controller. A standard cascaded speedtorque/
current motor controller in a d-q reference frame is employed. 
The motor controller defines the motor terminal AC voltage 
references u*

m,a, u*
m,b, u*

m,c which must be generated. According 
to the reference voltages, the DC/DC stage duty cycle d is 
calculated employing (2)-(4). At the same time, the DC/AC 
stage duty cycles da, db and dc are derived based on (5)-(7).

A transition example from 2/3 PWM to 1/3 PWM is shown 
in Fig. 5. There, the motor voltage and current is gradually 
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increased, as highlighted in Fig. 5(c). During t < Tm, the motor 
voltage is low, Û 

m ≤ Ub/ , therefore exclusively 2/3 PWM 
is employed. In particular, the DC/DC stage is deactivated, 
which means that the battery is directly connected to the DC 
link uDC = Ub. This operating regime is denoted as 0+2/3 PWM 
in Fig. 5, ‘0’ indicating that the DC/DC stage is not switched 
and ‘2/3’ denoting that two out of three DC/AC half-bridges 
are switched. In contrast, for t > 2Tm, the motor voltage is high, 
Û 

m ≥ 2Ub/3, therefore exclusively 1/3 PWM is employed. 
In this case, the DC/DC stage is activated and controls the 
DC link voltage to uDC = um,LL,max(t). This operating regime is 
denoted as 1+1/3 PWM, with ‘1’ indicating that the DC/DC 
stage is switched. During Tm < t ≤ 2Tm, the motor voltage 
is Ub/  < Û 

m ≤ 2Ub/3 and both modulation schemes are 
alternatively employed, while a smooth transition between 
the two modulation regimes is achieved without unwanted 
transients.

It is noted that during 1/3 PWM operation of the DC/AC 
stage, the motor voltage cannot be abruptly increased. In order 
to increase the motor line-to-line voltage, a higher, six-pulse 
shaped DC link voltage uDC(t) must first be generated by the 
DC/DC stage. Therefore, the maximum rate at which the motor 
line-to-line voltage can be increased is defined by the dynamic 
response of the DC/DC stage. Consequently, 1/3 PWM 
exhibits a limited control bandwidth of the motor line-to-line 
voltage, depending on the value of the DC link capacitor CDC. 
A large CDC value would slow down the dynamics of the DC/
DC stage and hence would impede the converter from quickly 
changing the motor line-to-line voltage. For this reason, a 
careful selection of the DC link capacitor CDC is necessary, as 
described later in Section III-E. The 1/3 PWM is hence not 
suitable for drive systems where high dynamic response of 
the motor torque/speed is required. Instead, 1/3 PWM is more 
suitable for drive systems with low dynamics that are mostly 
operated under steady state conditions, as compressor drives.

III. Component Stresses 
In this section, the switching losses and the voltage/current 

stresses on the different converter components are calculated 
for the drive system with the specifications of Table I. The 
analysis is performed for the 1/3 PWM modulation strategy 
as well as for the conventional 2/3 PWM and 3/3 PWM over 
the whole operating range of the motor. For the considered 
application example, the battery voltage ranges within Ub 
= 40...60 V, however, for the following analysis the lowest 
battery voltage Ub = 40 V is considered, where the highest 
current stress in the DC/DC stage appears. The motor voltage 
ranges within Û 

m = 0...40 V (phase amplitude), while the 
maximum motor voltage Û m = 40 V operation yields the highest 
component stresses. For the sake of simplicity a resistive 
load R = 3Û 

m,max/2Pmax = 4.8 Ω is assumed and hence a unity 
power factor (PF), cos (φ) = 1, is obtained. A comprehensive 
analysis of the component stresses for a PF cos (φ) < 1 is given 

in Appendix A. In order to further simplify the analysis, the 
current ripple of the DC/DC stage inductor Lb and the DC/AC 
stage filter inductors Lm is neglected, unless stated otherwise. 

In a typical DC/AC two-level inverter, the modulation index 
is defined as the ratio between motor phase voltage amplitude 
and half the DC link voltage, Mm = 2Û 

m/uDC and ranges within 
0-1.15. However, since a DC/DC stage precedes the DC/
AC stage in the case at hand, it is desirable to relate Û 

m to 
the battery supply voltage Ub instead of uDC. Therefore, the 
modulation index is redefined as the ratio between motor and 
half of the battery voltage

                                   (8)

The modulation index M can exceed the value of 1.15 thanks 
to the DC/DC stage that can boost the supplying battery 
voltage. For the system at hand (cf., Table I) the modulation 
index ranges within M = 0...2. Thereby, the transferred power 
P, battery current Ib and motor fundamental phase current 
amplitude Îm can be derived as a function of the modulation 
index

             (9)

A. Semiconductor Voltage Stress 

Firstly, the voltage stress on the power semiconductor devices 
is analysed. The semiconductors of the DC/DC and of the DC/
AC stage are blocking and/or switching the DC link voltage 
uDC. A higher DC link voltage uDC results in higher switching 
losses and hence a higher thermal stresses on the semiconductor 
devices. Furthermore, the maximum DC link voltage uDC,max 
with some additional safety margin dictates the voltage rating of 
the employed semiconductor devices. The maximum DC link 
voltage always appears for the maximum motor voltage (in the 
case at hand represented by (M = Mmax = 2), and is

TABLE I
Motor Drive Specifications. The Worst Case Operating Condition of the 
Two-Stage DC/AC Converter, Where the Highest Component Stresses 

Appear, Is Highlighted in Bold.

eulaVretemaraP

Battery voltage (    )
(   )

(   )
(    )
(    )

(                 )
(   )

Ub 40 60 V
Battery current I b 0 12.5A (for Ub = 40 V)
Motor fundamental frequency fm 0 400 Hz
Motor voltage amplitude Ûm 0 40 V(phase)
Motor current amplitude Î m 0 8.3 A

Modulation index M = 0 2 (for Ub = 40 V)

Power P 0 500 W

Ûm
1
2 Ub
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.

       (10)

Therefore, both the 1/3 PWM and 2/3 PWM schemes lead to a 
13% voltage stress reduction compared to 3/3 PWM. 

B. Semiconductor Switching Losses 

The reduction of the switching losses Psw of the DC/AC 
stage is the main advantage of the 1/3 PWM modulation, 
compared to conventional 2/3 PWM. In the following, the 
switching losses for the 1/3 PWM are analytically derived and 
compared against the conventional modulation strategies. To 
this end, the switching energy dissipation Esw for each hard 
switching transition is approximated as a linear function of the 
commutation current Isw as

                         (11)

Accordingly, the switching power dissipation for a switching 
frequency fs is

               (12)

The parameters k0 and k1 depend on the switched voltage Usw. 
Namely the parameter k0 represents the constant part of the 
switching losses and is calculated in literature [21] (assuming 
unipolar power semiconductors) as 

                     (13)

where Qoss is the electric charge stored in the non-linear output 
parasitic capacitance Coss of the MOSFET 

                     (14)

For the case at hand, the parameter k1(Usw) depends on the 
semiconductor technology and the gate driver configuration 
[22], [23]. Since the DC link voltage does not drastically 
change for the different modulation strategies as shown in 
(10), it can be assumed for a first step worst case consideration 
that the parameters k0 and k1 are the same regardless of the 
modulation strategy. 

The expression given in (12) is used for the calculation of 
the switching losses of the DC/DC stage, which are the same 
regardless of the modulation strategy 

                     (15)

Subsequently the expression (12) for the switching losses is 
applied to the DC/AC stage, where the commutation current 
varies over time in a sinusoidal fashion. In order to account for 

the sinusoidal current waveform, an integration of (12) over the 
fundamental period Tm is performed. In the case of 3/3 PWM, 
the resulting sum of the switching losses for all three bridge-
legs of the DC/AC stage (for assumed unity power factor cos (φ) 
= 1 load condition) is

                  (16)

The switching losses comprise two components, a constant 
part 3fs,mk0 which is independent of the converter load and a 
linear part 3fs,mk12/π Îm (proportional to the average value of 
a sinusoidal current half cycle) which increases linearly with 
the output current Îm and is used to characterise the load state. 
The maximum switching losses of the DC/AC stage occur for 
maximum motor voltage/power i.e., M = 2 and are illustrated 
in Fig. 6. Similarly, the switching losses of the DC/AC stage 
employing the 2/3 PWM are derived using (12) 

(17)

The 2/3 PWM yields a reduction of the constant part of 
the switching losses by 33.3% and of the linearly current 
dependent part of the switching losses by 43.3%, compared 
to 3/3 PWM, since each phase is switched for 2Tm/3 of the 
fundamental period Tm. Finally, the switching losses for 1/3 
PWM are calculated, 

(18)

With 1/3 PWM a drastic reduction of the switching losses 
is achieved, since each phase is switched only for Tm/3 of 
the fundamental period Tm. Namely, a 66.6% reduction of 
the constant part and a 86.6% reduction of the linear part is 
possible compared to 3/3 PWM. Furthermore, 1/3 PWM 
notably outperforms 2/3 PWM in terms of switching losses. 
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Fig. 6.  Switching losses of the DC/AC stage under maximum motor voltage, 
i.e., M = 2 for the case at hand. For the calculations a unity power factor cos 
(φ) = 1 is assumed. Numerical values are derived for the worst case operating 
conditions of Table I and the parameters of Table VI.
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The switching losses of 2/3 PWM and 1/3 PWM for maximum 
motor voltage/current and M = 2 are plotted in Fig. 6. It is 
noted, that the switching losses reduction achieved by means 
of 1/3 PWM, simultaneously enables a lower semiconductor 
heatsink volume [24]. 

C. Semiconductor Current Stress 

For the calculation of the conduction losses, the current 
ripple of the DC/DC stage inductor Lb and DC/AC stage 
filter inductor Lm is neglected. Accordingly, the resulting total 
conduction losses are independent of the modulation strategy 
of both stages and are equal to

                    (19)

where RTb,on and RTm,on are the on-state resistances of the DC/
DC and DC/AC stage (unipolar) power semiconductor devices, 
respectively. However, the sharing of the conduction losses 
among the semiconductor devices, i.e., the sharing of the RMS 
current stress between the high-side and low-side switches, 
changes depending on the modulation strategy. It is therefore 
important to analyse the current stress for each semiconductor 
device individually in order to provide a basis for the proper 
selection of the components in the design process. 

The RMS current stress of Tb1 and Tb2 of the DC/DC stage 
is analytically derived for the different modulation techniques 
over the whole modulation range and results as

(20)
              

b1

(21)
          

b2

(22)

    

b1

(23)

  

b2

(24)
b1

(25)
b2

The semiconductor devices current stresses, normalized with 
respect to the DC/DC stage inductor (Lb) RMS current ILb,RMS = 
Ib, are shown in Fig. 7(a). It should be noted that the sum of the 
instantaneous currents of the Tb1 and Tb2 semiconductor devices 
is equal to the Lb inductor current

                        (26)

However, the relationship between the RMS currents is 
nonlinear,

                    (27)

When the modulation index is low and the DC/DC stage 
is deactivated (e.g., 1/3 PWM and M ≤ 2/ ), the high-
side switch Tb1 of the DC/DC stage is clamped and therefore 
experiences the whole RMS current stress. However, this 
is typically not a problem since for low modulation indexes 
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Fig. 7.  Semiconductor device current stress for the three modulation strategies 
over the whole operating range, M = 0...2 considered in the case at hand. (a) 
Normalized RMS current of DC/DC stage high- and low-side semiconductor 
devices, with respect to the DC/DC stage RMS inductor current ILb,RMS. (b) 
Normalized RMS current of DC/AC stage high-and low-side semiconductor 
devices, with respect to the DC/AC stage RMS inductor current ILm,RMS. 
Numerical values are derived for the worst case operating conditions of Table 
I and the parameters of Table VI.
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(low DC/AC stage output voltage and/or motor speed) the 
power P and thus battery current Ib is anyway low. The 1/3 
PWM leads to asymmetric current distribution between the 
high-side and the low-side switches similar to the 2/3 PWM, 
while the asymmetry reduces as the modulation index and/or 
the transferred power increases. In summary, the asymmetric 
current distribution caused by 1/3 PWM for low modulation 
index M, does not require over-dimensioning of the DC/DC 
stage semiconductor devices. The (symmetric) stresses for 
high modulation indexes M are higher than the (asymmetric) 
stresses for low values of M, and hence dominate the 
dimensioning of the DC/DC stage semiconductors.

Similarly, the RMS current stress of the semiconductor 
devices Tm1 and Tm2 of the DC/AC stage is analytically 
calculated as

    (28)

m1   (29)

m2

(30)

m1  (31)

m2

(32)

The semiconductor devices current stresses, normalized with 
respect to the DC/AC stage inductor (Lm) RMS current ILm,RMS 
= Îm/ , are shown in Fig. 7(b). The 3/3 PWM modulation 
results in symmetric current sharing between the high-side 
and low-side semiconductor devices of the DC/AC stage (28). 
In contrast, 2/3 PWM and 1/3 PWM both lead to a similar 
asymmetric current stress on the semiconductor devices (29)-
(32). In particular, higher current stress appears on the low-side 
switch of the DC/AC stage Tma2 when the modulation index 
is low (e.g., M ≤ 2/  and 1/3 PWM). As the modulation 
index increases (e.g., M > 4/3 and 1/3 PWM) the RMS current 

sharing becomes symmetric. The asymmetric current stress 
for low modulation indexes (i.e., low motor voltage Û 

m and/or 
motor speed) is critical. Care has to be taken with the thermal 
design of the low-side switches Tm2, such that they can conduct 
the nominal motor current Îm and hence ensure nominal motor 
torque during motor acceleration, starting from standstill. It 
is noted that there is an alternative 1/3 PWM and 2/3 PWM 
implementation which ensures symmetric current distribution 
for the whole operating range and is analysed in Appendix B. 

D. Inductive Components 

The inductor losses are investigated, in a first step. It is 
assumed that a two-stage DC/AC converter system is designed 
for conventional 3/3 PWM (e.g., features a cooling system that 
can withstand the high switching losses of the 3/3 PWM) and 
that the inductive components cannot be changed. In particular, 
the DC/DC stage features an inductance Lb and the DC/AC 
stage employs an inductance Lm, regardless of the modulation 
scheme. 

In general, there is a direct relation between the inductor 
losses and the RMS inductor current ripple ΔIL,RMS, as a high 
RMS current ripple results in a high frequency RMS flux 
density and hence substantial core losses [25]. In addition, 
high RMS current ripple causes high-frequency winding losses 
due to skin and proximity effect. Therefore, the RMS inductor 
current ripple ΔIL,RMS is a reasonable performance indicator for 
the design of the inductive components and is calculated in the 
following for the different modulation strategies over the whole 
operating range. 

For the DC/DC stage the same inductance value Lb is 
considered regardless of the modulation strategy. Subsequently, 
the RMS inductor current ripple ΔILb,RMS is calculated for the 
considered modulation strategies based on a numeric solver 
(i.e., no analytical solution). The RMS inductor current ripple, 
normalized with respect to the worst case local RMS current 
ripple, 

                      (33)

is plotted in Fig. 8(a). When the modulation index is low and 
the DC/DC stage is deactivated (e.g., 1/3 PWM for M ≤ 2/ ), 
the high-side switch Tb1 of the DC/DC stage is clamped and 
therefore no current ripple appears on the inductor Lb. As the 
modulation index increases (e.g., 1/3 PWM for M > 2/ ) the 
inductor gradually conducts a current with increasing ripple. 
Due to the lower DC link voltage for the same DC/AC stage 
output voltage, 1/3 PWM exhibits significantly lower RMS 
inductor current ripple compared to 3/3 PWM but only slightly 
lower ripple compared to 2/3 PWM. 

Similarly, for the DC/AC stage the same inductance value 
Lm is considered independent of the modulation strategy. 
The RMS inductor current ripple ΔILm,RMS is calculated for 
all modulation strategies over the complete operating range 
based on a numeric solver (i.e., no analytic solution). The RMS 
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inductor current ripple, normalized with respect to the worst 
case local RMS current ripple

                     (34)

is depicted in Fig. 8(b). In particular for 1/3 PWM, when the 
modulation index is low, M ≤ 2/ , the DC link voltage 
is constant and equal to the battery voltage uDC = Ub. As the 
modulation index gradually increases (i.e., M = 0 → 2/ ), 
the current ripple RMS value initially increases, reaches a local 
maximum value and then decreases [19]. When the modulation 
index exceeds the threshold value of M = 2/ , the DC/
DC stage is activated and the DC link voltage increases. 
Accordingly, the ripple of the DC/AC filter inductor which is 
proportional to the DC link voltage also increases. In general, 
1/3 PWM yields similar current ripple RMS value as the 2/3 
PWM but lower current ripple compared to 3/3 PWM (21% 
reduction of ΔILm,RMS% occurs for M = 2). 

In a more general case, where there is not a pre-existing 
converter designed for 3/3 PWM, different inductance values 
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Fig. 8.  Inductor RMS current ripple for different modulation strategies over 
the whole operating range M = 0, ..., 2 considered in the case at hand. (a) The 
normalized RMS current ripple of the DC/DC stage inductor Lb is depicted. (b) 
The normalized RMS current ripple of the DC/AC stage filter inductor Lm is 
plotted. Numerical values are derived for the worst case operating conditions 
of Table I and the parameters of Table VI.

can be advantageously selected for the different modulation 
strategies. Besides a smaller heatsink volume for the DC/AC 
stage (thanks to the low switching losses), the 1/3 PWM allows 
for smaller inductance values, which translates into further 
volume reduction [26]. Accordingly, the minimum required 
inductance value Lb of the DC/DC stage and the inductance Lm 
of the DC/AC stage are analytically calculated. 

In order to calculate the required inductance Lb, a worst 
case current ripple amplitude ΔILb,PK (single side peak value) is 
assumed. The same current ripple limit applies regardless of 
the modulation strategy and the required inductance is given by

        (35)

where fs,b is the switching frequency of the DC/DC stage. 
Applying (35) to 3/3 PWM, where UDC,max = 2Û 

m,max (10), the 
required inductance is 

                    (36)

Subsequently, (35) is applied to 1/3 PWM and 2/3 PWM. The 
1/3 PWM and 2/3 PWM schemes require the same inductance 
value because both modulation schemes feature the same 
maximum instantaneous DC link voltage UDC,max = 
Û 

m,max (10). The inductance is calculated as

      (37)

Consequently, 2/3 PWM and 1/3 PWM require 15% lower 
inductance compared to 3/3 PWM for the DC/DC stage, 
resulting in an accordingly higher power density. 

For the calculation of the DC/AC stage filter inductance Lm, 
a worst case current ripple amplitude ΔILm,PK (single side peak 
value) is considered. The same limit applies for all possible 
modulation strategies and the required inductance is given by

                            (38)

where fs,m is the switching frequency of the DC/AC stage. 
Applying (38) to 3/3 PWM, the required inductance is 

                    (39)

The 2/3 PWM and 1/3 PWM schemes require the same DC/
AC stage inductance Lm, which based on (38) is 

       (40)
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Accordingly, 2/3 PWM and 1/3 PWM are reducing the DC/AC 
stage filter inductance requirement by 13% and hence yield a 
smaller inductor volume compared to 3/3 PWM. 

E. DC Link Capacitor 

The DC link capacitor CDC must be carefully selected. On 
the one hand, the capacitance value should be small in order 
to allow the DC/DC stage to accurately control the DC link 
voltage to a six-pulse shape during 1/3 PWM operation (cf., 
Fig. 3(a.iii)). In particular, the resonant frequency of the Lb 
−CDC filter fr,DC, must be af ~ 10 times higher compared to 
the repetition frequency 6fm of the six-pulse shaped DC link 
voltage, under 1/3 PWM operation

      (41)

Solving the inequality for CDC provides an upper bound for the 
DC link capacitance 

a                        (42)

On the other hand, the capacitance value should be large 
enough in order to limit the DC link voltage ripple amplitude 
ΔUDC to a sufficiently low value. In particular, the capacitor 
CDC conducts the switched output current of the DC/DC stage 
as well as the switched input current of the DC/AC stage, both 
contributing to the DC link voltage ripple ΔuDC(t). Therefore, 
the DC link capacitance value must be 

                (43)

independent of the modulation strategy, in order to ensure a DC 
link voltage ripple amplitude less or equal to ΔUDC. The design 
constraints of (42) and (43) define a design space within which 
the capacitance CDC must be selected. The resulting DC link 
capacitance value is typically small since there is no need for 
energy storage in a three-phase system (in contrast to a single-
phase system). An upper bound for the DC link capacitor RMS 
current stress is 

                (44)

A detailed analysis of the DC link capacitor current stress can 
be found in [27]. In summary, the DC link capacitor must 
conduct a high-frequency switched current with high peak 
values, while a low capacitance value is typically required. For 
this reason, ceramic or film capacitors are suggested for the DC 
link implementation. 

F. Motor Common-Mode Voltage 

The motor CM voltage resulting from the different modulation 

strategies is now analysed. A motor CM voltage with high du/
dt would results in parasitic CM currents which would partly 
flow through the motor bearings and could result in bearing 
damage [28]. For this reason, a DC link referenced output 
filter Lm−Cm is employed (cf., Fig. 1(a)) which protects the 
motor against CM (and differential-mode) voltages with high 
du/dt [29]–[33]. In particular, the DC link referenced output 
filter directly attenuates the switching frequency CM voltage 
generated by the DC/AC stage and hence only a small residual 
high-frequency (HF) motor CM voltage with an amplitude

                         (45)

remains at the motor terminals, where UDC,max is given by 
(10). When a DC link referenced output filter is employed, 
Ûm,CM|HF is noncritical concerning bearing currents and is 
marginally higher for 3/3 PWM as opposed to 2/3 PWM and 
1/3 PWM because of the marginally higher DC link voltage 
UDC,max of the former. 

Furthermore, the motor CM voltage can feature a low-
frequency (LF) component 

        (46)

depending on the employed modulation scheme, as depicted 
in Fig. 9. In particular, 3/3 PWM features zero LF motor CM 
voltage um,CM|LF(t) = 0, because the sum of the three-phase DC/
AC stage duty cycles is constant over time (cf., Fig. 2(a.ii)). In 
contrast, 2/3 PWM and 1/3 PWM feature a time varying LF 
motor CM voltage [9] with a repetition frequency equal to 3fm, 
since the sum of the three-phase DC/AC stage duty cycles is 
different from 0 (cf., Fig. 2(b.ii) and (c.ii), respectively). The 
LF motor CM voltage is also noncritical concerning motor 
bearing currents. 

G. Design Guidelines 

For designing the two-stage DC/AC converter shown in Fig. 
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Fig. 9.  Low-frequency component of the motor CM voltage um,CM|LF(t), for 
the three examined modulation strategies cf., Fig. 2(a)-(c). Waveforms shown 
for maximum motor voltage, i.e., M = 2 for the case at hand.
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1(a), the worst case stresses on the DC/DC stage and the DC/
AC stage must be identified. The worst case component stress 
appears for maximum motor voltage and/or transferred power 
as shown in Table I. In Table II the analytic expressions for 
the semiconductor voltage/current stresses and the switching 
losses are summarized for the DC/DC stage. Accordingly, in 
Table III the analytic expressions are provided for the DC/
AC stage. Numerical values are given for the application at 
hand with the parameters of Table VI. Note that the analytic 
expressions are general and thus can be easily used for the 
selection of semiconductor devices of a system with different 
specifications. 

If a drive system designed for conventional 3/3 PWM pre-
exists, then 1/3 PWM can be retrofitted to the system by 
means of a firmware update. In this case, the drive system 
features a cooling system that can withstand the high DC/

TABLE II
DC/DC Stage Semiconductor Design/Stress Summary for the Worst Case Operating Conditions of Table I. Numerical Values Are Derived for the Parameters 

of Table VI.

1 DC/DC stage inductor Lb current ripple is neglected for the calculations.

TABLE III
DC/AC Stage Semiconductor Design/Stress Summary for the Worst Case Operating Conditions of Table I. Numerical Values Are Derived for the Parameters 

of Table VI.

DC/DC stage

UDC,max Psw
1 I Tb1,RMS

1 I Tb2,RMS
1

3/3 PWM 2Ûm = 80 V f s,b (k0 + k1I b)= 10.1 W

2/3 PWM √3Ûm = 69 V f s,b (k0 + k1I b)= 10.1 W

1/3 PWM √3Ûm = 69 V f s,b (k0 + k1I b)= 10.1 W

I b 1 − 2
√3M = 8.1 A√

I b
6 ln (3)
√3πM = 9.7 A√

I b
2

√3M = 9.5 A√
I b 1 − 1

M = 8.8 A√I b
1

M = 8.8 A√

I b 1 − 6 ln (3)
√√ 3πM = 7.8 A

DC/AC stage

Psw
1 I Tm1,RMS

1 I Tm2,RMS
1

3/3 PWM (                    )3f s,m k0 + k1
2
π Î m = 13.9 W Îm

√2
1
√2 = 4.2 A Îm

√2
1
√2 = 4.2 A

2/3 PWM √Îm
√2

3
2π = 4.1 A √Îm

√2 1 − 3
2π = 4.3 A

1/3 PWM

[                                      ]3f s,m
2
3k0 + (1 − √3

4 )k1
2
π Î m = 8.6 W

[                                      ]3f s,m
1
3k0 + (1 − √3

2 )k1
2
π Î m = 3.3 W Îm

√2
1
√2 = 4.2 A Îm

√2
1
√2 = 4.2 A

1 DC/AC stage filter inductor Lm current ripple is neglected for the calculations. 

AC stage switching losses of the 3/3 PWM and there is no 
possibility to change the DC/DC stage inductor Lb and the 
DC/AC stage filter inductors Lm. The use of the 1/3 PWM 
scheme leads to a significant switching losses reduction and 
thus a substantial overall efficiency η improvement. The 
inductor losses also decrease, since 1/3 PWM results in an 
RMS current ripple reduction of the DC/DC stage inductor Lb 
and DC/AC stage inductor Lm. The inductor performance is 
summarized in Table IV.

In a more general case, where there is not a pre-existing 
drive system designed for 3/3 PWM, different inductance 
values can be selected for the different modulation strategies.
Besides a smaller semiconductor heatsink volume of the DC/
AC stage, thanks to the low switching losses, the 1/3 PWM 
allows for smaller inductance values. The inductor values and 
the resulting inductor RMS current ripple are summarized in 
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1 The values are based on numerical solver.

TABLE IV
Inductor Design Summary for a Pre-Existing Drive System Designed for 3/3 PWM. Numeric Results Derived for the Worst Case Operating Conditions of 

Table I and the Parameters of Table VI.

egatsCA/CDegatsCD/CD

L b ∆ I Lb,RMS
1 Lm ∆ I Lm,RMS

1

3/3 PWM Ûm
4∆ILb,PK f s,b

= 1.5 µH 12.8 A Ûm
4∆ILm,PK f s,m

= 4.7 µH 2.5 A

2/3 PWM 1.5 µH 10.8 A 4.7 µH 1.6 A

1/3 PWM 1.5 µH 10.1 A 4.7 µH 1.5 A
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Table V. There, the 1/3 PWM not only employs a smaller DC/DC 
stage inductance Lb and DC/AC inductance Lm, but also features 
lower RMS current ripples. Therefore, the inductors Lb and Lm 
can be realised in a more compact way, which translates into a 
lower overall volume for 1/3 PWM compared to 3/3 PWM. 

Finally, the DC link capacitor value must be selected consid-
ering a maximum allowed DC link voltage ripple amplitude of 
ΔUDC = 0.8 V (~ 1% of the DC link voltage) and the operating 
parameters of Tables I and VI. Based on (42) and (43) this 
results in 11 µF ≤ CDC ≤ 29 µF and/or finally selected value 
of CDC = 25 µF. 

IV. Hardware Verification 
In order to verify the performance potential of 1/3 PWM 

modulation, a hardware demonstrator has been built according 
to the specifications of Table I. The demonstrator system is 
shown in Fig. 10, while the selected parameter values are 
summarized in Table VI. The hardware prototype comprises a 
power and a control board. The power board includes the DC/
AC stage and the DC/DC stage half-bridges and the respective 
gate drivers. Each half-bridge of the DC/AC stage features 
two 200 V rated EPC 2034 semiconductor devices (i.e., single 
device per switch) while the DC/DC stage half-bridge employs 
four EPC 2034 semiconductor devices (i.e., two devices in 
parallel per switch). The four inductors as well as a custom 
aluminium heatsink which is optimally designed for the given 

TABLE V
Inductor Design Summary for a System Which is Purposely Designed for the Employed Modulation. Numeric Results Derived for the Worst Case Operating 

Conditions of Table I and the Parameters of Table VI.

egatsCA/CDegatsCD/CD

Lb ∆ I Lb,RMS
1 Lm ∆ I Lm,RMS

1

3/3 PWM Ûm
4∆ILb,PK f s,b

= 1.5 µH 12.8 A Ûm
4∆ILm,PK f s,m

= 4.7 µH 2.5 A

2/3 PWM (1 − 1
√3 )Ûm

2∆ILb,PK f s,b
= 1.27 µH 12.8 A √3Ûm

8∆ILm,PK f s,m
= 4.1 µH 1.8 A

1/3 PWM (1 − 1
√3 )Ûm

2∆ILb,PK f s,b
= 1.27 µH 11.9 A √3Ûm

8∆ILm,PK f s,m
= 4.1 µH 1.7 A

1 The values are based on numerical solver.

application, are placed below the power board. Four 25 mm 
fans are used for forced air cooling. A custom control board 
which is used for the generation of the appropriate gating 
signals and the current/voltage measurements is placed on top 
of the power board. 

The 1/3 PWM modulation strategy is implemented in soft-
ware and tested according to the control diagram of Fig. 4. The 
experimentally measured waveforms are shown in Fig. 11 
for maximum transferred power P = 500 W and maximum 
motor phase voltage amplitude Û 

m = 40 V, i.e., modulation 
index M = 2. There, the six-pulse shape of the DC link voltage 
uDC is clearly visible. Furthermore, the three motor line-to-
line voltages are depicted. The DC link voltage is equal to the 
highest instantaneous motor line-to-line voltage. In addition, 
the gate signal of phase a of the DC/AC stage is shown, which 
reveals that the corresponding half-bridge is switched only for 
1/3 of the fundamental period Tm. 

Subsequently, a transition from 2/3 PWM to 1/3 PWM is 
shown in Fig. 12. There, the output motor line-to-line voltages 
are gradually increased and a seamless transition (without 
unwanted transients) from 2/3 PWM to 1/3 PWM is achieved. 

The experimental measurements are verifying the theoretical 

Phase a
Phase b

Phase c

DC/DC
stage DC/DC

inductor

Fan

EnclosureDC/AC
inductor

Control
board

Power
board

Fig. 10.  Three-phase converter hardware prototype employed for experi-
mentally verifying the main characteristics of 3/3, 2/3 and 1/3 PWM. The 
system comprises a boost-type DC/DC stage and a buck-type DC/AC stage (cf., 
Fig. 1(a)) and is thus suitable for drive applications with a wide input-output 
voltage variation. Furthermore, modulation can be easily switched between the 
different modulation strategies. Dimensions 35 × 50 × 106 mm3 (11.32 in3).

TABLE VI
Parameter Values of the Hardware Prototype Shown in Fig. 10 
Corresponding to the Schematic Diagram Notation of Fig. 1(a).

Parameter 

Switching frequency (    )

(    )

(   )

(   )
(   )

(   )
(   )

f s,b 300 kHz
Switches (2 in parallel) 200 V EPC 2034
Switching parameters [23] k0 = 15 .4 µJ , k1 = 1 .5 µJ / A
Inductance Lb 1.5 µH
Capacitance Cb 10 µF
Capacitance CDC 25 µF, ( ∆UDC = 0 .8 V , a f = 10 )

Switching frequency f s,m 300 kHz
Switches 200 V EPC 2034
Switching parameters [23] k0 = 7 .7 µJ, k1 = 1 .5 µJ / A
Inductance Lm 4.7 µH
Capacitance Cm 2 µF

Value

DC/ACstage

DC/DCstage
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consideration of Section II. It should be pointed out that 
1/3 PWM can be applied on existing converter systems as 
a firmware update. That is, no hardware modifications are 
needed in order to accommodate the 1/3 PWM scheme. 

The converter efficiency characteristic is now measured over 
the whole output power range, P = 0...500 W, in order compare 
1/3 PWM against the conventional modulation strategies 2/3 
PWM and 3/3 PWM. The results are illustrated in Fig. 13(a). 
The 3/3 PWM exhibits the worst performance of η  96% 
nominal efficiency due to the continuous switching of all three 
DC/AC stage half-bridges. Furthermore, when the modulation 
index exceeds M > 1, the DC/DC stage is activated, resulting 

uAB uBC uCA

sa

uDC

Ub

Fig. 11.  Experimentally measured waveforms of 1/3 PWM for maximum power P = 500 W, maximum motor voltage Û 
m = 40 V, modulation index M = 2 and 

a fundamental frequency of fm = 100 Hz. The motor line-to-line voltages uAB, uBC and uCA, the DC link voltage uDC and the gating signal of phase a (sa) are also 
depicted. The line-to-line voltage uCA is not directly measured, but instead is reconstructed based on the two other measured line-to-line voltages uAB and uBC.

sa

uDC

Ub

uAB uBC uCA

0+2/3 PWM 1+1/3 PWMTransition

Fig. 12.  Experimentally measured transition from 2/3 PWM to 1/3 PWM, where the modulation index (and hence the output AC voltage) is gradually increased: M 
= 0.5 → 1.5. The motor line-to-line voltages uAB, uBC and uCA, the DC link voltage uDC and the gating signal of phase a (sa) are also depicted. The line-to-line voltage 
uCA is not directly measured, but instead is reconstructed based on the two other measured line-to-line voltages uAB and uBC.

in additional losses due to the DC/DC stage semiconductor 
devices and inductor. Therefore, a sharp decrease in efficiency 
appears for M > 1. The 2/3 PWM out-performs 3/3 PWM 
with a nominal efficiency of η  97.2%.When the modulation 
index exceeds M > 2/ , the DC/DC stage is activated 
causing a steep drop in efficiency. The 1/3 PWM features the 
highest nominal efficiency, η  98%, thanks to the drastic 
reduction of the DC/AC stage switching losses. Note that 1/3 
PWM does not suffer from an efficiency reduction for M > 
2/  when the DC/DC stage is activated. This is attributed 
to the continuous transition between the 0+2/3 and the 1+1/3 
modulation regimes of Fig. 5. Namely, for 0+2/3 modulation 
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regime the DC/DC stage is not operated, while two phases of 
the DC/AC stage are switching. For 1+1/3 modulation regime 
the DC/DC stage half-bridge is switching, while only one 
phase of the DC/AC stage is operated. Therefore, in any case 
in total two half-bridges (including the DC/DC and DC/AC 
stage) are switching, resulting in a smooth efficiency curve. In 
Fig. 13(b), the losses associated with each modulation strategy 
are plotted. 

There, a 10 W (50%) reduction of the overall converter 
losses is experimentally achieved with 1/3 PWM compared to 
3/3 PWM. It can be assumed that this 10 W losses reduction 
originates mainly from the DC/AC stage switching losses 
reduction under 1/3 PWM, while the rest of the loss contribu-
tions either remain the same (e.g., DC/DC stage semiconductor 
switching/conduction losses and DC/AC stage semiconductor 
conduction losses), or slightly decrease (e.g., DC/DC stage 
and DC/AC stage inductor losses), compared to 3/3 PWM. 
Therefore, the experimentally measured 10 W reduction of the 
DC/AC stage switching looses with 1/3 PWM, matches well 
with the respective theoretically calculated value of 10.7 W 
from Fig. 6. 

Experimentally measured waveforms of the DC/DC stage 
inductor (Lb) current are shown in Fig. 14(i), while the DC/
AC stage inductor (Lm) current and the inductor current ripple 
component are depicted in Fig. 14(ii) and (iii), respectively. 
The results are plotted for the three considered modulation 
strategies and for a modulation index of M = 1.75. It should 
be noted that the DC/AC stage inductor current ripple shape is 
unique to the DC link referenced filter of Fig. 1(a), i.e., for filter 
capacitors Cm connected to the negative DC link rail [19]. The 
3/3 PWM induces the highest current ripple for both the DC/
DC stage inductor Lb and for the DC/AC stage inductors Lm. 
On the contrary, 1/3 PWM generates the lowest overall current 
ripple and hence the lowest inductor losses. The 2/3 PWM 
current ripple performance lies in between the values achieved 
for 1/3 PWM and 3/3 PWM.

Finally, the experimentally measured RMS inductor current 

Fig. 13.  (a) Efficiency of the hardware prototype employing the 1/3 PWM modulation strategy in the whole operating power range P = 0...500 W. The efficiency 
measurement is also performed for the conventional 2/3 PWM and 3/3 PWM, and a clear comparative advantage in favour of the 1/3 PWM is deduced. (b) 
Corresponding losses of the hardware prototype for the different modulation strategies. The converter operating parameters are given in Table VI.

ripple is compared against the theoretically calculated values 
of Fig. 8. The results are shown in Fig. 15(a) and (b) for the 
DC/DC and DC/AC stage, respectively. An excellent matching 
between the theoretical analysis and the experimental measure- 
ments is verified.

V. Conclusions

As shown in this paper, 1/3 PWM can be applied to three- 
phase DC/AC converter systems which feature a separate DC/
DC and DC/AC stage and are designed to cope with a wide 
input-output voltage variation. 1/3 PWM utilizes a variable DC 
link voltage instead of a constant DC link voltage used in con-
ventional PWM modulation schemes. Thereby, it is possible 
to generate three-phase sinusoidal line-to-line output voltages 
by switching always only one out of the three DC/AC stage 
half-bridges. A main advantage of the 1/3 PWM modulation is 
that it can be easily retrofitted to existing three-phase converter 
systems by means of a firmware update. In order to quantify 
the performance advantage of 1/3 PWM, the semiconductor 
switching losses are analytically calculated and the remaining 
converter component stresses are comprehensively analysed. 
It is deduced that 1/3 PWM reduces the switching losses 
of the DC/AC stage by more than 66% compared to the 
conventional 3/3 PWM modulation strategy. The 1/3 PWM 
also outperforms the more advanced 2/3 PWM by reducing the 
switching losses of the latter by at least a factor of two. Besides 
the lower switching losses, 1/3 PWM exhibits similar if not 
slightly lower current and/or voltage stresses on the remaining 
converter components compared to the 2/3 PWM modulation 
strategy. Therefore, 1/3 PWM is a promising modulation 
technique with substantial advantages over state-of-the-art 
approaches. Finally, a hardware demonstrator is assembled 
and tested. There, the uncomplicated operation of 1/3 PWM is 
experimentally validated. Furthermore, 3/3 PWM, 2/3 PWM 
and 1/3 PWM are applied to the same hardware demonstrator 
and the corresponding losses are measured over a wide power 



49

(a.iii) (b.iii) (c.iii)

(a.ii) (b.ii) (c.ii)

(a.i) (b.i) (c.i)

Time (ms)
0 5 10

Time (ms)
0 5 10

Time (ms)
0 5 10

12

8

4

0

4

8

12

8

4

0

4

8

I L
m

 (A
)

10

0

10

20

30

40
I L

b 
(A

)
∆

I L
m

 (A
)

iLb

im,a im,a im,a

I b I b I b

iLb iLb

iLm,a iLm,a iLm,a

Fig. 14.  Inductor currents for different modulation strategies measured using the hardware demonstrator of Fig. 10 for a modulation index of M = 1.75 (P = 460 W) 
and a fundamental frequency of fm = 100 Hz. (i) The DC/DC stage inductor Lb current is shown. (ii) The current in an output filter inductor of the DC/AC stage Lm 
is plotted. (iii) The respective DC/AC stage inductor current ripple is illustrated. (a), (b) and (c) refer to the 3/3 PWM, 2/3 PWM and 1/3 PWM, respectively.

range. A 2% increase of efficiency, i.e., a loss reduction of 50% 
is measured for the 1/3 PWM compared to 3/3 PWM for the 
considered application.

Appendix A: Component Stresses for cos (φ) < 1
The impact of a low load PF on the overall design of the 

two-stage converter system is discussed. A converter system 
that can operate under any load voltage-current phase shift φ 
is desirable in this case study. Therefore, the stresses on the 
different system components are now analysed for a PF cos 
(φ) < 1. In particular, the load current is assumed to either lead 

or lag the load voltage by a phase shift angle φ = −90°...90° 
(i.e., capacitive or inductive load behaviour). Accordingly, 
the transferred apparent power S = 0...500 W, active power P, 
battery current Ib and load fundamental phase current amplitude 
Îm can be derived as a function of the modulation index M and 
PF cos (φ) as

             (47)

Fig. 15.  Theoretically calculated inductor RMS current ripple (continuous lines) compared against experimental measurements (x marks). (a) Corresponds to the 
DC/DC stage while (b) refers to the DC/AC stage.
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where R = 3Û 
m,max/2Smax = 4.8 Ω.

The switching losses of the DC/DC stage can directly be 
derived by substituting Ib from (47) in (15). Since the battery 
current Ib decreases as the PF reduces, the DC/DC stage 
switching losses also decrease. The switching losses of the DC/
AC stage for 3/3 PWM are independent from the PF and are 
therefore given by using (16). On the other hand, the switching 
losses of the DC/AC stage for 2/3 PWM and 1/3 PWM depend 
on the PF and hence the phase shift φ has to be considered in 
the derivation of the local switching losses (12) of the DC/AC 
stage as

            (48)

By averaging psw(θ) over a 2π wide fundamental period the 
global average switching losses can be derived. For 2/3 PWM, 
the switching losses are calculated as

 (49)

for a voltage-current phase shift of |φ| ≤ 30° results in 

(50)

and for |φ| > 30° gives 

 (51)

The same procedure can be applied to calculate the DC/AC 
stage switching losses for 1/3 PWM where

 (52)

for a voltage-current phase shift of |φ| ≤ 30° results in 

(53)

while for |φ| > 30° gives 

      (54)

In Fig. 16, the switching losses for all modulation schemes 
depending on the phase shift φ of the load are plotted. Com-
pared to the load independent losses obtained with 3/3 PWM, 
the losses for 2/3 PWM and 1/3 PWM slightly increase with 
increasing phase shift, since in the middle phase a higher 
current has to be switched than with cos (φ) = 1. It is noted, 
that the switching losses are symmetric with respect to φ, i.e., 
the losses for a voltage-current phase shift + φ are equal to the 
respective losses for −φ. It can be deduced from Fig. 16, that 
although the switching losses for 2/3 PWM and 1/3 PWM 
increase as the PF reduces, both still generate by far lower 
overall switching losses compared to 3/3 PWM. 

For a complete converter system design, the stresses on the 
remaining components must be considered. The total conduc-
tion losses of the converter system can still be calculated from 
(19) over the whole PF range, where the battery current Ib is 
substituted from (47). Similarly, the mathematical formulas 
which describe the current stresses on the semiconductor 
devices of the DC/DC stage (20)-(25) and DC/AC stage 
(28)-(32) are still valid. The DC/DC stage semiconductor 
devices must hence be designed for the worst case operating 
conditions with the maximum load voltage (M = 2) and unity 
PF (φ = 0°), independent of the modulation strategy. For 
these operating conditions, the maximum switching losses 
and conduction losses appear simultaneously on the DC/DC 
stage semiconductors, since Ib is maximum (47). The same 
worst case operating conditions apply for the DC/AC stage 
semiconductor devices, if they are designed for 3/3 PWM oper-
ation. However, if the DC/AC stage semiconductor devices are 
designed for 2/3 PWM or 1/3 PWM the worst case operating 
conditions appear for the maximum load voltage but zero 
PF (|φ| = 90°). For these operating conditions, the maximum 
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Fig. 16.  Switching losses of the DC/AC stage as a function of the voltage-current phase shift φ of the load and the modulation scheme. (a) 3/3 PWM. (b) 2/3 PWM. (c) 
1/3 PWM. There, the worst case operating point with the maximum motor voltage (M = 2 for the case at hand) is considered, while numerical values are derived for 
the worst case operating conditions of Table I and the parameters of Table VI. 
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switching losses (cf., Fig. 16) and conduction losses (maximum 
load current Îm) appear simultaneously on the DC/AC stage 
semiconductors. Finally, the proposed inductor values Lb for 
the DC/DC stage and Lm for the DC/AC stage ((36)-(37) and 
(39)-(40), respectively), as well as the recommended DC link 
capacitor value CDC ((42) and (43)), are applicable for cos (φ) < 1. 

Appendix B: Alternative 1/3 PWM Scheme 
The total duty cycle is the sum of both duty cycle com-

ponents (7). This paper focuses on a negative clamping 2/3 
PWM algorithm (5)-(7), which is accordingly extended for 
1/3 PWM. However, an alternative positive & negative (p & 
n) clamping 2/3 PWM scheme [7] could be used, i.e., at any 
given moment one of the high-side or low-side switches of 
the DC/AC stage is permanently turned-on and clamps the 
corresponding phase to the positive or the negative DC rail, 
respectively. Typical duty cycles and gate signals for such 2/3 
PWM scheme are depicted in Fig. 17. The p & n clamping 
2/3 PWM duty cycle calculation algorithm is similar to the 
respective calculations for the negative clamping 2/3 PWM 
scheme. Namely, the DC/AC stage duty cycles are split into a 
DM and a CM part. The DM part is purely sinusoidal and is 
given by (5), while the CM part is 

    (55)

The main advantage of p & n clamping 2/3 PWM is that it 
ensures equal current distributions between the high-side and 
the low-side semiconductor devices of the DC/AC stage, in 
contrast to negative clamping 2/3 PWM which suffers from 
an asymmetric current stress for low modulation indexes (29). 
Namely, the RMS current of the DC/AC stage devices in case 
of p & n clamping 2/3 PWM is 
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Fig. 17.  Alternative 2/3 PWM strategy with positive & negative (p & n) 
clamping. (i) Gate signals and (ii) duty cycles of the DC/AC stage.

Tma1 Tma2      (56)

Thereby, the drive system can always conduct the nominal 
motor current amplitude Îm without overstressing the low-
side switches Tm{a,b,c}2 and hence ensures nominal motor torque 
during motor acceleration, starting from standstill. 

The disadvantage of the p & n clamping 2/3 PWM is that 
the discontinuous duty cycles (cf., Fig. 17) lead to abrupt CM 
voltage steps at the inverter output. Such CM voltage steps 
can excite the DC link referenced output filter of Fig. 1(a) 
and hence p & n clamping 2/3 PWM is not suitable for the 
application at hand. 
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