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Abstract. Nowadays increasing attention turns to the
harmonic penetration analysis of the alternating voltage
network connected devices operating with pulse width
modulation (PWM). The PWM operation causes high frequency
current injection to the grid (at the frequency range: 1kHz to
100kHz, depending on the power and the structure of the
device). However, devices are now rolling out, that are infected
by these current components, for example: power line
communication (PLC) devices, smart metering devices, etc. It is
very difficult to analyse such high frequency harmonic
components with measurements. Therefore, the simulation
analyses of the PWM devices harmonic penetration are
revalued. These are cost efficient and fast.

This article is dealing with the harmonic penetration analyses of
alternating voltage network connected DC-link frequency
converters equipped with active rectifier. In our study we were
focusing on the variable frequency drive (VFD) of squirrel cage
induction motors (SCIM). Simulation models of the motor and
a DC-link frequency converter were built in time domain. The
main purpose of this paper is, to study whether the effect of the
motor-side converter of the VFD and the motor can be
neglected for the harmonic penetration analyses of the DC-link
frequency converter.
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1. Introduction

Most of the AC network connected power electronic
devices contain an internal DC-link. In these applications
line-side converter connect the DC-link to the AC
network, which is usually a diode rectifier. They only
allow single-direction power flow and cause significant
harmonic distortion. Instead of the simple diode
rectifiers, active rectifiers are more widely spread that
enable to fit the standards of the power quality. In some
applications they allow bidirectional power flow. Usually
the active rectifiers are operated with PWM modulation
that injects high-frequency current harmonics into the AC
grid. The high-frequency harmonics caused by low-
power devices are negligible, while high-power devices
operated with low switching frequency inject high-
amplitude high-frequency current harmonics. This causes
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problems, because such devices are now rolling out, that
are infected by these current components, for example:
power line communication (PLC) devices, smart
metering devices, etc. Moreover, the standards do not
limit these current components.

DC-link variable frequency drive systems (VFD) or
photovoltaic inverter units (PV) are good examples for
AC network connected high-power devices. In the VFDs
DC/AC converter (motor-side converter), while in the
PVs DC/DC converter is connected to the internal
DC-link. Usually these are operated with PWM
modulation.

Increasing numbers of researches are dealing with the
high-frequency current harmonic penetration of high-
power drive systems. In several studies the DC-link
connected DC/AC or DC/DC converters are substituted
by voltage- or current generator. This approximation can
significantly reduce the duration of the examination.
Nevertheless none of the studies deal with the issue
whether this approximation is correct considering the
high-frequency current harmonics caused by the PWM
operation. [1], [2], [3].

This paper is dealing with DC-link variable frequency
drives that control squirrel cage induction motors. With
simulation techniques we were examining the effect on
the harmonic penetration of a VFD if the motor-side
converter and the motor are modelled with an ideal
current generator. Therefore we could find an answer
whether the approximation is correct that is used by other
studies.

2. VFED models

Based on differential equations we built the model and
the control of a SCIM machine. In the models Park
vectors were applied. The models were built in Matlab
Simulink environment. Per-unit quantities were used,
therefore the former equations are written in per-units.
The block diagram of the implemented VFD models is
shown on Fig.1.
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We built up the models of the single and the three phase

; grid connecter line-side converter of a VFD in the time
Current generatorfin ideal case domain. The inverter models consist of two main parts:
i the model of the power electronic circuit and the model
of the control circuit. The three-phase grid connected
units was modelled with Park vectors.
Based on the schematic circuit diagrams (Fig.2,3,4), the
following differential equations can be written. (The
overlines represent Park vectors, “1ph/3ph”; equation of
single/three-phase connected circuits.) [4]:

In the simulation the line-side converter was modelled as ']I-'heh.equatlon of the transfgrmhfer:
a bridge-type converter that enables bidirectional power ph- di ph: _

. : ; ) ig _ _ dig  _
flow (Fig.2,3). An inductance and a resistance — ¢y =R..i + L.,—2 + v, U = Ronl. 4+ Lop—2 + .

. g TR'g TR dt i g TR'g TR dt i

representing the model of a transformer - were connected
between the line-side converters and the grid. In our work
we examined single- and three-phase grid connected
VFDs respectively.
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Fig.1. Block diagram of the VFD models

A. Line-side converter models
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» The power equations, can be written for both sides of
a grid tie converter (lossless converter assumed)
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Fig.2. Schematic circuit diagram of a three-phase connected,

bridge-type line-side converter To fulfil the requirements of “network-friendly”

equipments, the line-side converters need to have an
adequate control circuit. In our study it was equipped

== | with a cascade control (Fig.5,6.). This structure is
= >G@ > I g commonly used. The primary control loop of the cascade
rod I Vi i i ' E is a DC-voltage-control p¢) and the secondary loop is
Mol T grid currents (. ign ig) control. This structure
:_J” F l o Voo Lo B guarantees a high power factor and an adequate grid
= ) g current shape. In the control circuit the synchronization
— . LadD ;_\)' ' f signal generator produces the fundamental of the grid
’E% s N = voltage at the points of common coupling (PCC).

Therefore the inverters were operated with sinusoidal
TGaRantditey DC Lk current reference signal.

Fig.3. Schematic circuit diagram of a single-phase connected,

bridge-type line-side converter
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Fig.5. Control circuit block diagram of a three-phase grid
connected converter
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@—{Il ¥ ; ;
. Vi w2 mentioned in Chapter 2.A.
b {Tee v
lg —*I' ) A L — —
Tlm Vo fp D pot
Pacanis Alternative PYWVM 3
R‘__::;::]LC crmative E III.
generation T Vo——
lg [ [lnmpl § T Vy——>
Vi —
o el | Tl ¢ H . Ll -
L Ve % ; _‘ N S
Fig.6. Control circuit block diagram of a single-phase grid T E‘) >ﬂ=@ e Q
connected converter N b+ ™ T
The line-side converters were operated by pulse width DC-link Mofor-side converter SCIM

modulation (PWM) units. The “traditional” PWM
method was implemented, in each phase a sine wave was
compared with a triangular signal. Our simulation
environment is capable for observing other PWM
techniques. The single-phase connected inverters were
operated by alternative PWM, because the current ripples
can be reduced with this modulation technique.
» The operation of the single-phase connected line-side
converter PWM modulation (ideal switching elements
were assumed):
+Vpc if Vetrt 2 0& Vetrt = Va
—Upc if Verr1 <0 & Ve < Uy
0 for the rest cases

e The operation of the three-phase connected line-side
converter PWM modulation (ideal switching
elements were assumed, Fig.7. represents the
characteristic waveforms of one phase):

v; =

Fig.8. Schematic circuit diagram of the motor-side converter

The motor-side converter was equipped with speed
control which was realized by field oriented current
control (Fig.9.) [4]. This structure is commonly used. In
the models the current control was performed in field
coordinates. The speed, the rotor flux and the current
component controllers were implemented with PI
controllers. The coordinate system of the control method
is oriented to the rotor field. Other control methods of the
SCIM are also widely used, but this structure was
sufficient for the harmonic penetration analysis.

In the control system of a real SCIMnaachine model
should be implemented that produce the position, the
amplitude and the speed of the rotor flux. Our simulation
model of the SCIM produces these quantities; therefore a
separatemachine model was not needed. The inputs of
our SCIM model (Fig.8 red box) are: the phase voltage of
the motor-side converter, while the model generates the
motor speedd), o andp current components,(iig), and

the position, the amplitude and the speed of the rotor flux
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Fig.7. Characterlstlc waveforms of a three phase PWM
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Fig.9. Control structure of the SCIM drive system [4]

The motor model was built based on the equivalent
circuit of the SCIM (Fig.10.)

In our simulations the squirrel cage induction machine
was controlled by a two-level voltage source inverter.
Nowadays this structure is the most widely used. The

schematic circuit diagram of the motor-side converter|+

and the motor is shown in Fig.8, that is similar to the
three-phase grid connected line-side converter. The
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Fig.10. SCIM equivalent circuit for voltages and fluxes [4]
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Based on Fig. 10, the following equations can be written
for voltages: for fluxes:

_ L dp — — -
U:Rl'l'E'F_](A)wrlp, 1!}:Ll+lpr

dipy | . - — _
Z"']((‘)tpr_w)lprzoa Y,r=L,0T+1)

U, = R.T, +

Py

The motor model was prepared by ordering thes: ,
equations, and by using the following equations [5]:

do m-—m;

igR,
at T,

N

Wy m = w‘rlﬁ

Table 1 presents the applied quantities of the models. Tt

line- and the motor-side converters were operated with
the same switching frequency.

Table 1: Quantities applied in the models

3ph 1ph 3ph 1ph
Rrr 0.0161 0.005 Q
L1r 0.1595 1.58E-04 H
C 08 | 5 0.0082] 0.0511 H
Vipcres 2.2 968 v
Vgaba 1 440 v
A 2500 Hz
R 0.02 0.0062 Q
T'=L'/R 10 0.0318 sec
Lo 2 0.0020 H
R, 0.02 0.0062 Q
Tin 62.8319 0.2 sec

3. Simulation studies and results

After the model had been built, we performed simulation
analyses for the whole VFD. First three-phase grid
connected line-side converter was assumed, and then the
simulation analyses were performed with single-phase
grid connected line-side converter. The figures of
Chapter 3 and 4 represent the case, when the converter is
connected to the three-phase grid, but Table 2
summarizes the results of each case.

torque
speed
rotor flux
load

i [l;:] ] 0 =0 ]
Fig.11. Time functions of a SCIM

During acceleration, constant speed and braking we
observed the current load of the motor-side converter
(ipg in Fig.2, Fig.3, Fig..8.). Then it was filtered by a
low-pass filter and we receivegki. (Fig.12). Thedcy is

not containing the high frequency componentsgf i

i S |

L L
] =0 30

'pai
s

N pul
Fig.12 Current load of the motor-side converter

In the followings we assumeealistic case, when the
motor-side converter and the motor are considered as a
realistic model (withgc)). On the other hanidieal case is
assumed, when these are simplified as an ideal current
generator (withgcy), €.9. the red box in Fig.1 is taken
into account as an idealistic current generator. Fig.4.
shows the consumed grid current of the VFD in one
phase and the DC-link voltage while realistig, (Voc)

and ideal (jaa Vocia) Cases were assumed. The figure
presents the grid voltage as wel})(v

3 T

The whole drive system was analyse

10

ig

1gaid

V-

during acceleration, constant speed a | .
braking. Fig.11. presents a simulatio *[
result for an SCIM:

I.  flux evolution,

II.  acceleration with maximum torque
lll.  field weakening 0
IV. constant speed
V. braking

[4]
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4. Spectrum analyses

Based on the time functions (Fig.13t)is difficult to
observe the differencdmetween the two cases. Theref
spectrum analyses of the grid currents were perfc up
to the 11% harmonic One period was selected
acceleration (A), catant speed (B) and braking (C),
spectrum analyses were made in these pe

(The figures show the spectrum results in phase ‘a’.
received approximately the same results in phase ‘b

‘c’, and at single-phase connected iside converter.

The amplitudes of the fundamental currents are in th:
right boxes.)
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Fig. 14: Grid current sp&@ at acceleretion (period ‘)
Ired: realistic case, black: ideal c:
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A coefficient was defined to analyse the difference
the cases (wherev=1,3...115: harmoic number,
I: amplitudes).
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We calculated the coefficies in each phase while the
VFD is connected to the thr-phase grid (3ph) or
singlephase grid (1ph). The results of Table 2 w
received. It turned out minimal differencesn be
observed between the ideal and realistic ¢

Table 2:Comprehension of the calculated coefficie

. phase ‘@ 0.03%
acce(IX;atlon phase b 0.02% I

phase ‘c  0.04%

constant Phase‘a  0.10%
speed phase ‘b 0.10% 0.01%

(B) phase ‘c  0.10%

. phase ‘a 0.02%
braé'ng phase ‘b 0.01%  0.01%

i phase ‘c  0.01%

5. Conclusions

Based on the simulation results, it turned out, the e
of the motorside converter and the motor can

neglected for the harmonic penetraticsimulation
analyses of the D@Grk frequency converter equipp:
with active rectifier.These parts can be csidered as an
ideal current sourceWith this approximation and
simplification the simulation time is significantl
reduced.
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