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Abstract—This paper studies the effect of common-mode voltage elimation (CMVE) on the iron loss of electrical machine core
laminations under multilevel converter supply. Three idertical magnetic ring cores are excited by either a three-leveconverter or a
five-level voltage source converter to study the behavior dEMVE on a three-phase system. Both multilevel converters a controlled
by using a space vector pulse width modulation as it is one ohe most often used techniques for CMVE. These experimentaksults
are confirmed numerically with a dynamic iron loss model. In adition, the effect of CMVE, at different switching frequencies,
on the core loss of a synchronous machine is numerically stigtd. The results presented in this paper show that the core &3 is
considerably increased when the CMVE is implemented. Howexr this iron loss increase in five-level drive systems is loweompared
to the three-level ones. Therefore, it is important that thedesigners of drive systems take such effects into considéian.

Index Terms—Common-mode voltage elimination, iron loss, magnetic matial, multilevel converters, pulse width modulation.

. INTRODUCTION tical magnetic ring cores as a three-phase load to show the
, effect of the CMVE on the iron loss of non-oriented electrica
HE voltage source multilevel converter has become o) Moreover, the effect of the CMVE on the core loss of
essential part of modern electrical ac drives. Its main gy hronous machine is numerically analyzed. Both ssudie

function is to generate a three-phase supply voltage atengiy,,o" nerformed at different switching frequencies to cjatife
desired frequency. However it generates also a common m%qfect of the frequency on the iron loss

voltage (CMV) at a relatively high frequency. This voltage ;g paper is organized as follows. Section Il describes

r|\1/|as a dra”.‘a“c effect on lthe machine _be_arlngf;s and InS"uftatlome used experimental setup. The converter circuits arengiv
odreo_vetr),||t c?fuses an (;ec(tjr_o_m?gnenc |Ir|1ter ergznﬁe = followed by a brief description of the CMV phenomenon and

undesirable € ects on the digital controller an : the eneqo the CMVE principle. In addition, the iron loss measurement

sensing units [1]. A frequently used modulation techniqug, yhe ring core is discussed. In section Ill, the numerical

to eliminate thg CMV in mpltilevel converters is the SF_’aCF‘echnique, including the dynamic iron loss model, is skortl
vector pulse width modulation (SVPWM). The CMV elim-q, ineq Afterwards, in section IV, the experimental ahé t

ination (CMVE) using the SVPWM is based on modifyinginjation results are presented and discussed. Finaky, t
the switching scheme of the converter switches in order Bnclusions are drawn in section V

deliver a zero third harmonic content, and its multiplesthia
converter phase voltage [1]. The use of some space voltage
vectors is omitted, in particular those that contribute e t
generation of a third harmonic content in the converter ghas The used experimental setup is flexible to supply a three-
voltage. Although CMVE enhances the performance of tihase load with different multi-level converter topolagighe
drive, in terms of the bearing lifetime, it is also expectetiree-level as well as the five-level voltage source corvert
to affect the iron loss of the machine, and consequently tREe tested and analyzed with three identical magnetic ring
machine efficiency. cores, to emulate a three-phase system, as shown in Fig.
Although the effect of the PWM on the iron loss has beeh A SVPWM technique, which is implemented on a field
extensively studied up to this date [2], [3], to the best @ thProgrammable gate array (FPGA) digital controller, is used
authors’ knowledge, the effect of CMVE on the iron loss o§enerate the output voltage in two considered case studies,
electrical machines has not been fully described in details Without CMVE (unmodified case) and with CMVE.
theoretical analysis to evaluate the increase of the masip ~ The converter circuits, the CMV generation and the pro-
loss due to CMVE for a conventional three-level convertéedure of the iron loss measurements are presented in the
was given in [4]; however, neither iron loss measurements rigllowing subsections.
computational verifications were performed.
In the work presented here, the three-level (dual two-levBl Converter circuits

topology) converter, as well as the five-level (dual T-type The circuit configuration used for both converter types
topology) converter, are studied using the SVPWM techniqye shown in Fig. 1. In Fig. 2, the two types of converters
in the unmodified modulation case as well as in the CMVEnhree-level and five-level respectively) are depictedretie
case. The converters are experimentally tested on three idgiscrete power electronic metal oxide field effect tramsist
with a code number of IXKR-40N60C, are utilized. When the
This work is supported by Erasmus Mundus Action-2 WELCOMB-Pr g\vPWM is applied to the converters, the possible operating
gram, the Special Research Fund (BOF) of Ghent Universigyptoject (IAP- b d by th di hich |
VI11-02), and the Academy of Finland. Corresponding auttforA-E. Abdallh vectors can be represente _y t_e vector |qgram, which 1s
(e-mail: ahmed.abdallh@ieee.org). referred to aviexagon as shown in Fig. 3. The solid and dashed

Il. EXPERIMENTAL SETUP
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Fig. 1. Block diagram for the operating system. Fig. 3. Vector diagramhexagon) for (a) three-level converter, and (b) five-
level converter. Solid and dashed lines are for unmodifiedl @MVE case
P converter-1_____... e Sonverter-2 studies, respectively.
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N—|_ g%zodﬁza'dqz phase iﬁ'bwiﬁ'av&%"au T from a drive-system, it is essential to analyze the converte
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, load operating space vector and classify it into two groups, i.e.
@ effective vectors which deliver a CMV and ineffective vasto
— Qo oL i converter-1 which result in a zero CMV. By analyzing the switching
N N 7 Ly possibilities for each converter, the ineffective vectoen
°0 fQur aar 5 v be represented by thisexagon, shown in dash-lines in Fig.
| iy on W 3. Specifically, when the CMV needs to be mitigated, the
AT W “>_“| i g ek vectors on the dashed line hexagon are only used. In the
NG quQEIzQW ________ Three CMVE operating condition, there are only 7 and 13 out of 19
phase . .
; { load and 61 possible vectors of the three and five-level conwerter
P H H . . .
o Ez:Q”' lfz:"’w‘ e oWl e ot respectively. Fore more information about the CMVE, see [5]
Qau Qzu'_| _| i
el Bl
mm—[— ;ﬁﬁ;@ U
4y Q2v
o P v C. Iron loss measurement of the magnetic ring core
awy Qawy
W

V“/“T Y N Three identical uniformly wound magnetic ring cores, each
N 0 o HEailF comer: with two windings; excitation and measurement windings, ar
® designed to form a balanced three-phase load supplied from
Fig. 2. Schematic diagram of the three-phase circuit of teerlevel DOth ends as shown in Fig. 1. The magnetic core propertes, i.
converter, (b) five-level converter circuits connected tihree-phase load.  the magnetic field strengtiid) and magnetic flux densityBj,
are obtained using the field-metric technique. The magnetic
ring cores are constructed from 0.5 mm non-oriented etadtri
line hexagons represent the unmodified and CMVE operatiggg| sheets using the spark erosion cutting techniqueh Eac
conditions, respectively. In the unmodified operating ¢tod, e is composed of 20 laminations with 90 mm and 110 mm,
there are 19 and 61 possible vectors for the three and fie#-leyternal and external diameters, respectively.
converters, respectively. For the sake of comparison, the measurements are per-
B. CMV phenomenon and its elimination principle formed so as to achieve a sinusoidal magnetic induction
waveform in the magnetic core. To this end, the converter is

CMV naturally appears in ac drives that use voltage sour] gratively feed-back controlled in order to deliver a mrésed

converters. Generally speaking, CMV is defined as the iHStq’ﬂndamental component of the magnetic induction (with a

taneous voltage difference between the two grounds of two . o f .
. - maximum deviation of 0.05%). A wide range of magnetic
isolated power systems [1]. In the used converter circuits,

the CMV of converter-11(,,), the CMV of converter-2 inductions, from the demagnetized state up to saturaten, i

: . tested. Additionally, the test is performed at differenitsting
(Vewyo) @nd the CMV of the dual converter configuration Ca?requency values. i.e. at 1, 2.5, 5 and 10 kHz, in order to
be expressed by (1-3).

study the switching frequency effect on the iron loss in the
@ two aforementioned case studies. The iron Bss calculated

Vv =5 Mo T Vvo T Vo ) L . . .
cuvi 3( wo * Yo + Vuo) for each magnetic induction waveform by integrating the
1 measured-H hysteresis loop:
Vemvz = :_g(vu/o/ Vo +Vw/o/)* (2) f
P=—. ¢ H(B)dB 4
Vemv = Vemvt ~Vemve- 3) Y 7§ ® @

This voltage has a considerable third harmonic and its multihereP, f and~ are the iron loss per unit mass, in (W/kg), the
ples [1], see later in section IV. In order to eliminate the €M fundamental power frequency, in (Hz), and the mass density
of the electrical steel, i.ey = 7650 kg/n3.
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1. NUMERICAL ANALYSIS

A. Dynamic iron loss model

The iron losses are numerically modeled with the approach
described in detail in [6]. The flux density in the thickness
[-d/2,d/2] of one lamination is expresses as a cosine series:

Np—1 _
. z z VVX
bzt =Y bn(Yan(@, with an(2) = cos<27rna) . (5)
n=0 Fig. 4. Geometry and the FE mesh of the studied machine.
When the average flux densityy(t) in the lamination is (a) Unmodified case

100

known, the field strengtling(t) on the lamination surface as

well as the higher-order ternis(t) can be solved from Eo W
hs(t) a2 ap(2) 6(t) -100 0004 0,008 0012 0016 0.02
0 - (% (Z) 2 b/ (t) (b) CMVE case 18]
== h(b(zt) |1 dz+o0d°C | "1 , (6) 100 : : : :
o | | W

in which ¢ is the conductivity of the lamination an@ is
a constant matrix. The locdl (b(zt)) relationship consists

-100

I | I |

0 0.004 0.008 1s] 0.012 0.016 0.02

(c) CMV at unmodified case
T

of a static vector Preisach hysteresis model and a dynamic 100 w w w
contribution corresponding to the excess losses. Aftefltixe =,

density distribution (5) is known, the classical eddy-eutr =

hysteresis and excess losses can be calculated in a swaight 100, o od ; T S o

ward way and averaged over the lamination thickness. &l

B. Finite element machine model Tihe GV for the five-iovel converter at L5 T and 5 ki swighiequency
In order to study the effect of CMVE in an electrical
machine, a 150 kVA, 400 V, 50 Hz, 4-pole synchronous
generator is modeled with a time-stepping finite elemen) (FE
method. Fig. 4 shows the 2-D cross-sectional FE mesh of
the machine. The iron-loss model (5)-(6) is implemented g . - - . U

in the laminated regions using a magnetic vector potential H [A/m]

formulation [6]. The. Statqr winding is supplied by SVPVVMFig. 6. The half of the measureB-H hysteresis loop for the five-level
voltage waveform including a 230 V fundamental voltaggynverter at 1.5 T.

component, while a dc voltage is supplied in the field winding

and the rotor rotates with constant speed. The total cose$os Fig. 6 shows the measured hysteresis loop for the five-level
consist of the hysteresis, classical eddy current and excggnyerter atFsw = 5 kHz and 1.5 T. More minor loops are
losses, damper winding losses as well as eddy-currentslosggticeable in the CMVE case, which increase the iron loss. A
in the stator frame. It is worth noting that in other controdimilar trend is also noted for the three-level convertég. F
schemes, such as direct torque control, a coupled simalatighows the iron loss at different values of induction levehiin
model of the converter and the machine over multiple perioggse studies, &sw = 5 kHz. The effect of CMVE is negligible
could be required in order to take into account the stoohaskjt |ow induction values.
switching pattern [7], [8]. Fig. 8 depicts the measured and simulated iron loss of the
IV. RESULTS AND DISCUSSION magnetic core aFgy = 1,_ 25 5 and 10 kHz and at_1.5 T.
Compared to the unmodified case, the CMVE case increases
the iron loss, e.g. on average by almost 3% and 1%, for three-
By applying the aforementioned converter circuits to thkevel and five-level converters, respectively. A similagnd
ring core coils, the phase voltage in the unmodified ars observed numerically using the dynamic iron loss model
CMVE cases, as well as the CMV itself &w = 5 kHz presented in section Ill, which supports the experimental
are shown in Fig. 5 for the five-level converter at 1.5 T. ltesults. The experimental results also reveal the supiyriofr
is clear from this figure that the CMV has a third harmonithe higher converter levels over the lower levels. In ppiei
component which would affect the bearing life-time in athe five-level converter does not only result in a lower iron
electrical machine. Notice that neither in the unmodifiesecaloss compared to the three-level converter, as was outlimed
nor in the CMVE case, the phase voltage will contain th§®], but also results in a lower rate of rise of the iron lose du
third harmonic. Similar results are obtained in the theel to the CMVE.
converter.

— Unmodified case |
== CMVE case 7

A. Ring core
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Fig. 7. Measured iron loss in the ring core in the unmodified @MVE

cases, in (a) three-level and (b) five-level converter afedifiit magnetic

inductions and aFsw = 5 kHz.
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(a) Measured loss at three-level supply

(c) Simulated loss at three-level supply
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Measured iron loss in the (a) three-level and (b) lievel drive
systems. Simulated iron loss in the (c) three-level and (@-lével drive

systems. All results at 1.5 T and at different switching érexcies.

B. Machine core loss

This section discusses the simulation results for the syi® bearing life time, it deteriorates the efficiency of the
chronous machine. The machine is tested using the afoflve System. Moreover, a higher multilevel converter togy
mentioned converter circuits at different switching frequies Showed a better performance than converters with a smaller

and different loading conditions, i.e. half and full-loathe Number of voltage levels.

converters are controlled by means of the SVPWM technique

for both unmodified and CMVE case studies.

Fig. 9 shows the machine core loss at half and full-load
operation conditions and at different switching frequesci
From that figure it follows that the CMVE increases the cord2]
loss with 10%-20% for a three-level converter and 5%-10% for
a five-level converter. Moreover, they endorse the expertate |3
results on the magnetic ring core. Increase in core loss due
to the application of CMVE is the largest for a three-level
converter. However, the higher the switching frequencg, thyy
smaller this increase in core loss due to CMVE becomes.
For example, at full load operation conditions, the coreslos
increases by almost 15 % to 8 % when thg, varies from 1
to 10 kHz in three-level converter, and by almost 6 % to 4% in
the five-level converter. It is worth noting that the coreslésr
the three-level supply in the unmodified case is quite close {g
the core loss values in the five-level supply for the CMVE case

(a) Full-load, three-level (c) Half-load, three-level
0

— BUnmodified case BUnmodified case
52800 mCMVE case 52400 mCMVE case
gzaoo gzzoo : : :
8 [
1 W W AEST | W
0= 5 5 10 B 55 1o
F_, [kHz] £ [kHz]
(b) Full-load, five-level (d) Half-load, five-level
3000 2600
= mUnmodified = ifi
%2800 2 OIVE case 2% | 2400 SO ied case
52600 ©2200
o o
S I| ol algEl ol al o
22007 2.5 5 10 18007 2.5 5 10
F_[kHz] F_ [kHz)
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Fig. 9. Simulated core loss in the synchronous machine afiuthdoad

operation condition for (a) the three-level and (b) the faxel converter
supply. The losses at half load operation condition for [(€) three-level and
(d) the five-level converter supply.

laminations. First, magnetic measurements were carrigd ou
on a magnetic ring core to investigate the iron loss in both
three and five level converters. Experiments where conducte
at different switching frequencies. The experimental wods
verified numerically using a dynamic iron loss model. Then,
the dynamic iron loss model was coupled with a finite element
model of a synchronous machine to calculate the effect of
the CMVE on the synchronous machine core loss at different
loading conditions. Results on both the magnetic ring core
as well as the synchronous machine reflect the bad effect of
the CMVE on the iron loss. Although the CMVE improves
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