Chapter 2

Analysis of the Current Ripple
in Three-Phase Two-Level VSIs

2.1 Introduction

Three-phase voltage source inverters (VSIs) are widely utilized in ac motor drives,
controlled rectifiers, and in general grid-connected applications as dc—ac power con-
version devices. The topology of the three-phase inverter with a generic three-phase R—
L-EMF load (RLE) is given in Fig. 2.1. Most of VSI applications employ carrier-based
PWM (CB-PWM) control schemes due to their simplicity of implementation, both in
analog and digital ways, fixed switching frequency and well defined harmonic spec-
trum characteristics [1]. Furthermore, switching losses are easier to control with con-
stant switching frequency, and the inverter design can take advantage of an accurate
losses calculation. Different types of CB-PWM together with space vector PWM (SV-
PWM) are investigated, and optimal solutions are proposed with reference to reduce
the current ripple and switching losses [2-4]. CB-PWM leads to equivalent switching
patterns as SV-PWM by proper zero-sequence modulating signal injection [5].

A complete analysis of three-phase PWM converter system addressed to switch-
ing losses, dc link harmonics, and inverter input/output harmonics is given by [6]. It
has been shown that reduction of the output current harmonics in case of continuous
PWM can be achieved by proper zero-sequence signal injection. A further reduction
of the RMS value of the current ripple is possible in some cases by development of
discontinuous PWM schemes, which allow increasing the carrier frequency while
maintaining the switching losses as same as continuous PWM. In the case of a loss
minimization, two cases are observed in [7], which correspond to the continuous
and to the discontinuous modulation as can be seen by comparing the dependencies
of the normalized harmonic power losses on the converters modulation index.

2.1.1 Modulation Techniques

Most common modulation techniques of the three-phase inverter are the carrier-based
PWM (CB-PWM) and space vector PWM (SV-PWM).
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Fig. 2.1 RLE circuit of
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The traditional method for generating the switching patterns in three-phase
VSI with CB-PWM is the use of naturally or regularly sampled sinusoidal
waveforms. In general, carrier-based modulation compares a sine wave refer-
ence v* with a triangular wave carrier signal. In naturally sampled technique
the reference sine wave is allowed to vary during the carrier interval, while in
regularly sampled the reference sine wave is held at a constant value during
the carrier interval. Regularly sampled modulation can be symmetric, where the
reference sine wave is kept constant for the whole carrier period, or asymmet-
ric, where it is resampled in the half of the carrier period. As a result of this
comparison the desired inverter switching pattern is realized. In particular, in
CB-PWM schemes the three reference phase voltages v}, vy and v} (modulat-
ing signals corresponding to the reference voltage vector in SVM), are com-
pared with triangle carrier waveforms as represented in Fig. 2.2, for modulation
index m = 0.5. The frequency of these carriers defines the switching frequency,
and their amplitude is the half of the dc-link voltage, eventually in per units.
The range of the modulation index defined as m = V*/V4e, in this case is
0<m<0.5.

The zero-sequence injection methods, when the zero-sequence signal is added
to the sine wave references, leads to a larger variety of modulating waves. The
first studied technique in the literature was the third harmonic injection tech-
nique, when the 17 % third harmonic component is added to the reference wave-
forms. Nowadays, most used technique is the so called centered PWM, obtained
by centering the reference voltages with min/max injection. Common mode sig-
nal to be added to the reference voltages (min/max injection) is defined for each
phase as

Vom = =3 [max (v{) —min(v{)], k=a,b,c. (2.1
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Fig. 2.3 Carrier based modulation with centered reference voltages, m = 0.577 = mpax

The resulting waveform obtained by adding the common-mode signal to the sine
wave references is

Vi =i+ vem. (2.2)

and shown in Fig. 2.3, for modulation index m = 0.577 = mpyax. Centered car-
rier-based modulation allows overmodulation with the respect to the original sine
wave PWM, while proved that obtains better outputs spectrum and that is the opti-
mal technique for the output ripple RMS minimization. The modulation limit is
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Fig. 2.4 Space vector 010 110
diagram of inverter output
voltage
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0<m < mpax = W 3, according to the generalized expression given in [8] for
n phases, Mmax = [2 cos(nt/2n)]~ L.

The SV-PWM of three-phase inverters is based on the determination of applica-
tion times of active and null inverter voltage vectors v in every switching period
Ts. In case of symmetrical SV-PWM, the sequence is determined in 7/2 and sym-
metrically repeated in the next half switching period. The principle of SV-PWM
in three-phase inverters is summarized with the help of Fig. 2.4, representing the
output voltage space vectors corresponding to all possible switch configurations.

The output voltage space vector diagram appears to be a hexagon, consisting
of 6 main triangles, numbered I-VI in Fig. 2.4. In two-level inverters the redun-
dancy implies availability of multiple switching states to produce a given volt-
age vector. There is the only redundancy in zero vector with two possible states,
{000} and {111}. The three nearest voltage vectors (NTV) are used to synthesize
the reference output voltage space vector v* in each switching period T}, being
v =V exp(j9), V" =m Vg, 9 = wt, m the modulation index, and V. the dc-bus
voltage. The switching sequence begins and ends with the null switching state.

It has been proved that the CB-PWM and SVPWM can be equivalent. By equally
sharing the application time of the null voltage vector between the switch config-
urations 000 and 111, the centered switching pattern is realized, equivalent to the
common-mode injection defined by (2.1) in carrier-based modulation, and nearly-
optimal modulation able to minimize the RMS of current ripple is obtained [9].

2.2 Output Current Ripple Definition in PWM Converters

Basic circuit scheme for each phase of a balanced R—L-EMF load (RLE) is
represented in Fig. 2.5. The voltage equation can be written for each phase as

v(t) =Ri(t) + Lg + v (). (2.3)
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Averaging (2.3) over the switching period T leads to
- < AP
v(Ts) = Ri(Ty) + LT + v (Ty), (2.4)
N

being:
Ai = i(Ty) — i(0). (2.5)

The alternating voltage v(¢) is defined as the difference between instantaneous
and average voltage components as

v(t) = v(t) — v(Ty). (2.6)
By introducing (2.3) and (2.4) in (2.6) leads to

- ) - di A _
V(1) =R[i(t) — i(Ty)] + L|— — — | + [vg(t) — ¥g(T)]. (2.7)
da T,

The alternating voltage component has amplitude in the order of V., as shown
in Fig. 2.6. The first term on the right side in (2.7) accounts for the resistive voltage
drop of the current ripple, which is much lower than the rated current. The third
(last) term in (2.7) is the deviation of the generator’s actual voltage from its aver-
age value in the switching period, that is negligible if v¢(?) is almost sinusoidal. For
these reasons, the expression of alternating voltage component can be simplified to

o di AR
vi)ZEL|———|.

2.8
da T (2.8)
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The current variation in sub-period [0—f], also depicted in Fig. 2.6, can be
calculated from (2.8) by integrating as

t

Ai(f) = % / D(0)dt + TiAi. (2.9)
O s

Finally, the instantaneous current ripple i(¢) can be defined on the basis of (2.9),
according to Fig. 2.6

t

i) = Ai(t) — TiAi ~ %/mm (2.10)
0

An example of the behavior of voltage and current in a switching period is
given in Fig. 2.6. Note that the current ripple (2.10) corresponds to the difference
between the instantaneous current value and its fundamental component.

The peak-to-peak current ripple amplitude is defined as the range of (2.10) in
the switching period

Ty = max{f(t)}zs - min{?(x)}o @.11)

2.3 Peak-to-Peak Output Current Ripple

2.3.1 State of the Art

In the literature current ripple is studied in the terms of the RMS minimization,
rather than the peak-to-peak value. An analytical approach for the analysis of cur-
rent ripple in SV-PWM controlled induction motor drives for three-phase systems
has been presented in [9], where the optimal SVM technique is proposed with cal-
culation of the duty-cycles of the two zero voltage vectors, and on the basis of that
the switching pattern of the optimal SVM technique is obtained. Another analy-
sis of current ripple in a sub-period is given in [10, 11], as the error volt-second
quantities which are the errors between instantaneous applied and reference volt-
age vectors. Of interest was to study the current ripple RMS over a sub-period
and to utilize this knowledge to design hybrid PWM techniques, which reduces
the line current distortion. Current ripple RMS is also analyzed in [12], for three-
phase inverted feeding passive load. The analysis are conducted on one switching
period and of interest was to derive RMS value of output current ripple as function
of modulation index.

Newer studies on output current ripple RMS in multiphase drives are pre-
sented in [13] and [14], where a five-phase system is considered. Due to existence
of more planes (two 2-D planes for five-phase systems), the concept of harmonic
flux is used to mitigate initially the dependencies on the equivalent inductances in
each plane, where current ripple occurs. It is shown that output current ripple RMS
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cannot be minimized by injection of fifth harmonic and its odd multiples, but it is
also pointed out that, from the practical point of view, differences in current rip-
ple RMS are relatively small considering sinusoidal PWM and SV-PWM. In [14]
two SV-PWM techniques are compared (four large vs. two large and two middle
vectors) in terms of THD of the current and voltage with established correlations
between the flux HDF and the current THD, and squared RMS current ripple. In
[15] an attempt to evaluate the output RMS current ripple of a five-phase inverter
has been reported, on the basis of polygon load connection and phase variables in
the original domain, without the need to use space-vector theory. However, only a
single (adjacent) polygon connection has been considered, and the output current-
ripple RMS does not represent the total output current ripple [16].

The importance of current ripple amplitude (peak-to-peak) in three-
phase systems is recognized in [17], where ripple is analyzed by introducing
Thévenin equivalent circuit of the 8 different voltage vectors. In general, the
evaluation of current ripple allows adjusting the switching frequency for certain
ripple requirements [18]. As another example of application, the knowledge of
the peak-to-peak current ripple distribution can be useful to determine the out-
put voltage distortion due to the inverter dead-time in case of output currents
with high ripple, by determining the multiple zero-crossing interval [19]. This
aspect will be examined in more details in further chapter which deals with
applications. Furthermore, the peak-to-peak current ripple amplitude, in addi-
tion to the fundamental current component, is useful to determine the absolute
current peak, affecting the thresholds of protection systems and the design of
power components

2.3.2 Calculation of the Peak-to-Peak Output Current Ripple

The output current ripple affects the noise and loss in both the PWM converter
and the load, and it should be minimized to improve the system efficiency. In gen-
eral, the impact of PWM techniques on the current ripple should be understood
to further develop the modulation strategy. The analysis of three-phase inverters
by the space vector transformation leads to better understanding and more simple
calculation of voltage levels and corresponding application times. In the following
analysis is considered the centered PWM, as described in Sect. 2.1.1. The refer-
ence is made to a generic balanced RLE load, representing both grid-connected
and motor loads.

As result of the SV-PWM, for each phase, the average of the inverter output
voltage ¥(Ty) corresponds to the reference voltage v*. In the case of sinusoidal
balanced output voltages supplying a balanced load, the reference output voltage
vector is v" = m V. exp(j¥). Reference is made to Fig. 2.7. In this case, SV modu-
lation is quarter-wave symmetric, so it can be analyzed in the range [0, 90°] of the
phase angle ¢ = wt. In particular, the two ranges 0 < ¢ < 60°, and 60° < ¢ < 90°
can be considered, as depicted in Fig. 2.7.
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Fig. 2.7 Space vector 010 110
diagram of inverter output
voltage with six sectors and
the three identified triangles.
Dashed circles represent
m=1/6,1/3,1/2
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In the range 0 < ¢ < 60°, the application times are:

T
fH = m«/§§ sin (60° — ¢), {100}, (2.12)
T; .
= mﬁ? sin 9, {110}, (2.13)
T, T, o 000
to—?—(n—i—tz)—?[l—\/gm sin (60 +ﬂ)}, {111 . (2.14)
In the range 60° < ¢ < 90°, the application times are:
T,
f = m«/§§ sin (120° — 9), {110}, (2.15)
T, . i
Hh= mﬁ? sin (9 — 60°), {010}, (2.16)
T, T, . 000
to—?—(tl—i—tz)—z{l—«/gm sin 19}, {111 . 2.17)

Due to the symmetry among the three phases in the considered case of sinusoi-
dal balanced currents, only the first phase is examined in the following analysis. In
terms of space vectors, the variables of the first phase are given by the projection
of the corresponding space vectors on the real axes. In particular, the average out-
put voltage is given by

v(Ty) = v* =Re{v*} = V*cos ¥ = Vyem cos 9. (2.18)

By introducing (2.18) in (2.6), the alternative component of inverter output
voltage of the first phase can be written as
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1
v() = |81 — E(Sl + 82 4+ 83) | Vge — mVye cos 8, (2.19)

being Sy = [0, 1] the switch state of the k-th inverter leg. In order to evaluate the
current ripple in the whole phase angle range 0 < ¢ < 90°, the three different trian-
gles depicted in Fig. 2.7 must be separately considered.

1. Evaluation in the range 0 <% < 60°

Considering the first sector of the hexagon, 0 < ¢ < 60°, two different cases can
be distinguished, 0 < m cos ¢ < 1/3 and m cos ¢ > 1/3, corresponding to the two
colored triangular regions in Fig. 2.7.

For modulation index 0 < m cos ¢ < 1/3, the current ripple 7 and its peak-to-
peak value f,,,, are depicted in Fig. 2.8, together with the instantaneous output volt-
age v(f). According to Fig. 2.8, ;pp can be evaluated by (2.10), (2.11), and (2.19),
considering application interval 7 (light blue area in Fig. 2.7), leading to

~ 1
ipp = Z{Vdcm cos Y 1p}. (2.20)
The case of 1/3 <mcos ¢ < 13 is depicted in Fig. 2.9. In this case fpp can be

evaluated considering the application intervals #y/2 and t, (yellow area in Fig. 2.7),
leading to

.2 r Vie
iy = Z{Vdcmcos »950 + (Vdcmcos 9 — %)tz}. 2.21)
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For both cases (2.20) and (2.21), introducing the expressions for application
intervals 7o/2 and 12, (2.14) and (2.13), peak-to-peak current ripple can be written as

. VacT.
Ipp = %r(m, 9), (2.22)

being r(m, ¥) the normalized peak-to-peak current ripple amplitude given by

1
r(m, ) = mcos 1‘)[1 — Bmsin (9 + 60°)}, 0 <mcos ¥ < 3 (2.23)
r(m, 9) = m{cos 19[1 — msin (9 + 60°)}
. 1 1 1
+2«/§s1n1‘} mcosﬂ—g s gfmcosﬂ§—3. (2.24)

2. Evaluation in the range 60° < 9 < 90°

Considering the third triangle depicted in Fig. 2.7, (green area), 60° < ¢ < 90°,
the peak-to-peak current ripple amplitude can be determined considering the
application intervals /2 and t, for all modulation indexes, according to Fig. 2.10.
Introducing (2.19) in (2.10) and (2.11) leads to

- 2 I1 1
iy = Z{Vdcm cos 1950 + {Vdcm cos ¢ + 3vdc} tz}. (2.25)

Considering the expressions for application intervals fo and 2, (2.17) and
(2.16), normalized current ripple amplitude is
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Fig. 2.11 Normalized 05
peak-to-peak current ripple
amplitude r(m, ) for three
modulation indexes, m = 1/6,
1/3, and 1/2, in the phase
angle range [0, 90°]

1
r(m, %) =m — sin ¥ — 3m cos> 1‘)}. 2.26
(m, %) {ﬁ (2.26)

2.3.3 Peak-to-Peak Current Ripple Diagrams

In order to show the behavior of the peak-to-peak current ripple amplitude in
the fundamental period for all the possible cases, in Figs. 2.11 and 2.12 is repre-
sented the normalized function r (m, ¥) defined by (2.22). Figure 2.11 shows r(1%)
for m = 1/6, 1/3, and 1/2, corresponding to the dashed circles in Fig. 2.7. Since
symmetric PWM modulation is considered, ripple is symmetric as well, so the rip-
ple envelope corresponds to the half of fpp. The two regions (0 < ¥ < 60° and
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60° < ¥ < 90°) can be distinguished for m = 1/6 and 1/3. All the three regions are
visible for m = 1/2, according to Fig. 2.7.

Figure 2.12 shows the colored map of r(m, ) in the 1st quadrant within the
modulation limits. The ripple amplitude is almost proportional to m in the neigh-
borhoods of m = 0. Phase angle with minimum ripple can be identified, that is
¥ &~ 50° = 60°, and a phase angle with maximum ripple, that is ¢ = 90°. These
aspects are further developed in the following section.

2.3.4 Maximum and Minimum of the Current Ripple

In order to estimate current ripple amplitude in the whole fundamental period,
the maximum and the minimum of the current ripple can be evaluated. For this
purpose, four relevant points can be noticed in Figs. 2.11 and 2.12, as mentioned
above: two local maxima, for 3 = 0 and for % = 90°, and two local minima for
% = 60° and for m cos % = 1/3, i.e., around ¥ = 50°.

To determine the local maxima, % = O can be set in (2.23), and ¢ = 90° in
(2.26), leading to the following global maximum

3 1
max
r m)=maxsm|l — —m|,—m ;. 2.27
m { [ 2 ] V3 } @20
The intersection between the two local maxima gives the border value of modu-
lation index

3 1
m|l——-m| =—m, 2.28

-3= 229
leading to m = 0.282. Finally, combining (2.27) and (2.28), the maximum of nor-
malized current ripple is

2K m[l _ gm] for m < 0282,
r m) =
%m for m > 0.282. (2.29)
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In order to determine the local minima, ¢ = 60° can be set in either (2.23) or
(2.26), and m cos ¢ = 1/3 in (2.23). The expression for the global minimum of
normalized current ripple is

pmin ) _ mm{m[l _ §m} ! ll _Jame — l] } (2.30)
2 4" 3

The intersection between the two local minima gives the border value of the
modulation index

m[z_ém] 1[ 3mz_1], 231
6 3

leading to m ~ 0.479. Finally, combining (2.30) and (2.31), the minimum of
normalized current ripple is

m

I

m} for m < 0.479,

=

,min (m) =

A=

1 —+/3m2 — %} for m > 0.479. (2.32)

The composition of the two local minima and maxima are given in Fig. 2.13,
leading to global maximum and minimum. The approximated average value is pre-
sented with dashed line. The white dots represent the specific points for m = 1/6,
1/3, and 1/2, displayed in Fig. 2.11, and further examined in simulations and experi-
ments. It can be noted that the maximum function is almost linear for every modula-
tion index, strictly for m > 0.282. Then, on the basis of (2.22) and (2.29), a simplified
expression for maximum of peak-to-peak current ripple amplitude is obtained as

- Ve T.
‘max ~ cts
174 2«/3[ ( )
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Fig. 2.14 The average of 0.20
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The exact average of the normalized peak-to-peak current ripple, calculated for
the more points, is presented in Fig. 2.14. It shows very similar behavior to the
approximated one shown in Fig. 2.13. Almost linear behavior can be observed for
the modulation indexes m > 0.282.

2.4 Numerical and Experimental Results

In order to verify the analytical developments proposed in previous sections, numeri-
cal simulations and corresponding experimental tests are carried out. Circuit simula-
tions are performed by Sim-PowerSystems of Matlab considering three-phase inverter
with ideal switches connected to sinusoidal voltage sources by RL impedance, having
R =4 Q and L = 24 mH. Power transistors have been modeled with ideal switches in
order to have a very precise matching with the analytical developments. By introduc-
ing non idealities in simulations, such as commutation times, voltage drops, parasitic
elements, dead-times etc., leads to output voltage distortion with additional harmonics
[20], making more difficult the validation of the proposed theoretical approach. This
topology could represent a general three-phase inverter with either motor or grid-con-
nected loads. In all simulations the fundamental frequency is set to 50 Hz, the switching
frequency 1/7 is 2.1 kHz, and the dc voltage supply V. is 600 V. A centered symmetri-
cal carrier-based PWM technique, equivalent to centered space vector modulation, is
considered in both simulations and experiments, being easier for the implementation.

The experimental setup with custom-built two-level three-phase inverter is
shown in Fig. 2.15. Power switches are Infineon FS50R12KE3 IGBT pack.
DSpace ds1006 hardware has been employed for the real-time implementation of
the algorithm. Dc-bus voltage (V) is set to 600 V by Sorensen SGI 600/25 dc
supply. Switching frequency was set to 2.1 kHz and the inverter’s dead time of
6 s (not compensated) is implemented in the hardware. Fundamental frequency
was kept at 50 Hz for easier comparison with analytical developments. The nearly-
optimal centered space vector PWM is implemented.

The load was a three-phase induction motor (mechanically unloaded). Main
motor parameters (all referred to stator) are: stator resistance Ry = 2.4 €2, rotor
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Fig. 2.15 Experimental setup

resistance R, = 1.6 Q, stator leakage inductance L;; = 12 mH, rotor leak-
age inductance L';, = 12 mH, magnetizing inductance L,, = 300 mH, and pole
pairs p = 2. According to the model of induction motor for higher order har-
monics, which are determining the current ripple, the equivalent inductance
L= Ljs+ L'j, = 24 mH is considered for the ripple evaluation.

Tektronix oscilloscope MSO2014 with current probe TCP0030 was used for meas-
urements, and the built-in noise filter (cut-off frequency f. = 600 kHz) was applied.
The instantaneous current ripple i in both simulations and experiments is calculated as
the difference between the instantaneous current and its fundamental component, i.e.

i(t) = i(t) — Lna (1) (2.34)

The three-phase system is well balanced and the first phase is selected for fur-
ther analysis, as in analytical developments. Different values of m have been inves-
tigated (1/6, 1/4, 1/3, 1/2, and 1/7/3 = max).-

In Figs. 2.16, 2.18, 2.20, 2.22, and 2.24 is shown the current ripple obtained with
simulations (a) and experiments (b), for different modulation indexes, respectively.
Comparison is made with the half of the peak-to-peak current ripple, fpp /2. Positive
and negative envelopes (blue traces) are determined by the equations presented in
Sect. 2.3.2. The corresponding experimental results are shown as gray traces.

In Figs. 2.17, 2.19, 2.21, 2.23, and 2.25 is depicted the instantaneous output
current obtained in simulations (a) and experiments (b) with different modula-
tion indexes, respectively. Current is shown with the calculated upper/lower rip-
ple envelope, depicted in blue colors. The corresponding experimental results are
shown in grey traces.
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Fig. 2.16 Current ripple (pink), m = 1/6, and evaluated peak-to-peak envelope (blue) for one
fundamental period: a simulation, with details, and b experimental results
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(a)

(b)

Fig. 2.17 Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/6: a simulated, b experimental results
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Fig. 2.18 Current ripple (pink), m = 1/4, and evaluated peak-to-peak envelope (blue) for one
fundamental period: a simulation, with details, and b experimental results



2.4 Numerical and Experimental Results 23

Fig. 2.19 Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/4: a simulated, b experimental results
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Fig. 2.20 Current ripple (pink), m = 1/3, and evaluated peak-to-peak envelope (blue) for one
fundamental period: a simulation, with details, and b experimental results
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(b)

Fig. 2.21 Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/3: a simulated, b experimental results
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Fig. 2.22 Current ripple (pink), m = 1/2, and evaluated peak-to-peak envelope (blue) for one
fundamental period: a simulation, with details, and b experimental results
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Fig. 2.23 Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/2: a simulated, b experimental results
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Fig. 2.24 Current ripple (pink), m = 1/v/3 = mpyax. and evaluated peak-to-peak envelope (blue)
for one fundamental period: a simulation, with details, and b experimental results
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(b)

Fig. 2.25 Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m= 13 = Mmax: @ simulated, b experimental results

The values of the modulation index cover all possible sub-cases (different
colored regions in Fig. 2.6). The agreement is almost good in the whole funda-
mental period. Small mismatches can be observed in the experimental current
ripple, especially for the higher modulation indexes. These mismatches were prob-
ably introduced by the dead-times which in this case were not compensated, but
this point can be further examined in the future work.
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