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Abstract

The DC-link current ripple is responsible for the DC-link capacitor sizing. The ca-
pacitor must be able to deliver high current peaks during operation without causing
a high voltage drop. In order to fulfill EMC standards, this voltage drop must be
in a specific small range. Furthermore, the current ripple causes an increase of the
electrolyte temperature due to undesired resistive losses in the capacitor itself. This
leads to an accelerated dry-out and so resulting breakdown of the voltage source
inverter (VSI). By using optimized pulse patterns (OPP), the current ripple in the
DC-link can be reduced. With the OPP, presented in this thesis, a smaller and
cheaper DC-link capacitor can be used while having the same DC-voltage ripple
and lifespan. To achieve this, the RMS current into the capacitor in relation to the
respective switching angles must be found, and set as minimization criterion in an
optimization algorithm.

Simulation results at different motor operating points validate the correctness of
the derived mathematical formulation of the capacitor current and the resulting
optimized angles.
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Chapter 1

Introduction

Due to their high efficiency, AC-fed machines are commonly used in industry ap-
plications as well as in electrical powered vehicles. In these fields of application,
speed and torque variation is necessary. Thus, the machines are mainly fed by
voltage source inverters (VSI). Due to their operation in switched mode the cur-
rent waveform quality suffers, which leads to current harmonics in the output signal
and in the DC-link of the VSI. These undesired and harmful current harmonics in
the output signal cause not only torque ripple but also undesired noise and further
losses in the machine. Moreover, harmonic currents in the output signal contribute
to further copper losses in the machine, which account for a major portion of the
machine losses [1]. Harmonics in the DC-link of the VSI are responsible for the
DC-link capacitor sizing. The DC-link capacitor must be able to deliver these
harmonic currents during operation, without causing a high voltage drop in the
DC-link. In order to fulfill EMC standards, this voltage drop must be in a specific
small range. Furthermore, the current harmonic in the DC-link causes an increase
of the electrolyte temperature due to the undesired resistive losses in the capacitor
itself, which leads to an accelerated dry-out and final breakdown of the VSI. On the
one hand, these negative effects can be reduced by increasing the inverter switch-
ing frequency. On the other hand, this also results in increased switching losses
of the power semiconductors. Both the current harmonics and the switching losses
must be minimized to optimize the total efficiency of the drive system. For this
reason, the Synchronous Optimal PWM (SOPWM) or also called optimized pulse
patterns (OPP)[2],[3],[4],[5],[6],[7],[8],]9] was developed and extensively investigated
over the last years. The main goal of SOPWM is the limitation of the inverter
switching frequency without compromising on a specific optimization criterion. The
inverter pulse patterns are calculated off-line for each steady state motor operating
point (modulations index m, anisotropy factor A, motor rotational speed n,, and
load voltage phase 6) and stored in a look-up table to be available during opera-
tion. These pulse patterns fulfill a certain optimization criterion such as minimizing
the torque ripple [8],[9], the total harmonic distortion current of the output signal
(I7up) [2],[3],14],[5],6],[7] or as in this thesis described, a minimal RMS current in
the DC-link of the inverter(/. rars). With the OPP presented in this thesis a smaller
and cheaper DC-link capacitor can be used while having the same DC-voltage ripple
and lifespan. To achieve this the mathematical function of the RMS current into the

1
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capacitor must be found in relation to the switching angles, and set as minimization
criterion in an optimization algorithm.

Simulation results at different motor operating points validate the correctness of
the derived mathematical formulation of the capacitor current and the resulting
optimized angles.




Chapter 2

Fundamentals

2.1 PMSM with High Magnetic Anisotropy

Permanent Magnet Synchronous Machines (PMSMs) are widely used due to their
high power density and low maintenance. Furthermore, there is an increasing focus
on PMSMs when it comes to high power and high speed motor drives [10], [11]. In
order to drive the machine in many different points of operation a variable voltage
source with variable output frequency is necessary. The variation of the voltage
fundamental waveform amplitude and output frequency are mostly realized with
a two-level Voltage Source Inverter (VSI) and a specific pulse width modulation
(PWM) strategy, such as Space Vector (SVPWM) [12],[13], Sine Triangle PWM
(SPWM) [14],[15], Six Step Mode [1],[7],[16],[17, 168-218],[18], Selective Harmonics
Elimination PWM (SHEPWM) [7],[19] or Synchronous Optimal PWM (SOPWM)

[21,(3],[41,[5],[61,[7],[8],[9] -

The general voltage equations of an anisotropic PMSM are given in the (dq)-
reference frame in the form of

ul Ry + jw, LY —w, LY il (2.1)
ul —weppyr) | weL? Ry + jw, L7| \ i '

where Rg describes the stator resisto , w, is the electrical angular speed of the
reference frame, ¢py; is the permanent magnet flux linkage and L%, L? are the d-
and g-axis inductances, respectively [2].
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Figure 2.1: FEquivalent circuit of the battery stack, cables, VSI and PMSM

2.2 Two-level Voltage Source Inverter

Two-level VSI are commonly used because of their low complexity, low-cost and
robustness. But they do have some disadvantages. The peak current stress for the
capacitor Cpe is immense, which leads to a DC-voltage ripple. If the capacitor
value is too low the DC-link voltage drops for high amplitudes of current harmonics.
This resulting voltage ripple emits electromagnetic interferences (EMI). Another
disadvantage is the resulting load current ripple due to the voltage ripple, which
leads to a high THD of the load current. These disadvantages can be eliminated by
more complex multilevel inverter topologies.

Figure 2.1 represents the equivalent circuit of the investigated case. Uy is the open-
circuit voltage of the battery-stack, L; is the internal battery inductance and R;
is the battery internal resistance [20]. Effects like charge transfer or diffusion find
no consideration in the battery equivalent circuit, due to their high time constant
compared to the switching frequency of the power-semiconductors, which is several
decimal powers higher. Further L; and R; describe the inductance and the resistance
of the connecting cable. Cpe is the DC-link capacitor and Rggp represents the
equivalent serial resistance of the capacitor. S*, SV, S* and Sv, Sv, S* are the
switching states of the power-modules (IGBTs). For the further consideration the
inductances L; and L; as well as the resistances R; and R; are combined into one
inductance L; and one resistance R;.

For the simulation in chapter 7 the 1p,s is set to 0.033%, Cpc = 360pF, Uy =
400V, Rrsr = 0.001Q2 and the stator resistor of the PMSM is defined to 0.005€).
Furthermore, the equivalent resistor R; is 0.1€2 and the equivalent inductance L
is 2.4pH. The d- and g-axis inductances are L¢ = 91.95pH and L7 = 294.24pH,
respectively.




2.3. FOURIER THEORY

2.3 Fourier Theory

Periodical functions and signals can be expressed as a superposition of harmonic
oscillations. The frequencies of the harmonic oscillations must be integer multiples
of the fundamental frequency from the periodic signal. The Fourier series is a way
to sum up the simple oscillating functions, namely sine and cosine. The coefficients
of this sum give a line spectrum which shows from which frequency components the
time signal is composed [21, p.163-193].

A non-sinusoidal function f(¢) with the periodic time 7' = %” can be separated into
its harmonic components using

ap | X .
ft) = 5 > lay, cos(vwt) + b, sin(vwt)], (2.2)

v=1

where ag, a, and b, represent the Fourier coefficients. Theses coefficients can be
calculated with the following integral equations:

a0 = ; /(T) F(t)dt (2.3)
a, = ; . f(t) cos(vwt)dt (2.4)
b, = ; [ JOsin(at)ar (2.5)

The type of convergence depends on the smoothness of the function f(t). It is essen-
tial for absolute convergence that the Fourier coefficients form absolutely convergent
series, and the function in the period interval satisfies the Dirichlet conditions. The
Fourier series converge very slowly for discontinuous functions like a PWM signal.
In the discontinuous transition the Fourier series converge to the arithmetic average
of the left side and right side function limit.

Near the discontinuous transitions, overshoots occur in the plotted Fourier series.
This effect is called Gibbs phenomenon [21, p.163-193].
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2.4 Waveform Definition and Properties

The half wave symmetric (HWS) PWM voltage, which can be measured between
the terminal U and the virtual mid-point of the DC-bus, is defined by the four
independent switching angles a;-a4 and the voltage amplitude i%.

Figure 2.3 shows the differences between half wave symmetric (HWS) and quarter
wave symmetric (QWS) voltage signals. By using HWS there are two times more
independent switching angles which will help at the end of this theses, where an
optimization of the RMS current in the DC-link capacitor is executed, because so
the optimization algorithm has more degrees of freedom for minimizing the RMS
current. A disadvantage is the resulting phase shift of the fundamental voltage by
using HWS switching angles. This phase shift must be taken into account during
calculation. The load voltage can be measured between terminal U and the mid-
point of the star-connected motor (see figure 2.1).

Upc/2 F= -
] Pl S
o0 _—’— .'~~
< ." ~
ﬁ d“ ~~§
O L4
= ol .2’ hL I .
4 ~§
E " .N
E - . ~~§
A I PPN I R I I D N Rt N
-Upc/2 L |
0 a1 Q2 O3 Oy T Q5 Qg Q7 Qg 2m
PWM voltage in phase U
for HWS
- - - resulting fundamental voltage
UDC/2 — — =
g)o ,"' ~~~~
S R e
= . .
o 4 -~
> O b’ h —
-~ ’
-~ ’
= " d
A .’
~.~ ‘,'
-Upc/2 L ==
vy Qi30ry T 506 Q7Qig 2
wt PWM voltage in phase U

rad] |~ for QWS
- - - resulting fundamental voltage

Figure 2.2: Difference between HWS- and QWS-signals with four switching angles.
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OA
AA
a1
wyt
d
Y us,l d Qa
O
q .
us,l ' Us.1

Figure 2.3: Resulting fundamental voltage vector in the (d,q)-reference frame with the an-
gles v and 0y

Figure 2.3 represents the fundamental load voltage vector. This vector and the
(d,q)-reference frame rotate with the electrical angular frequency w, in the (a,3)-
reference frame. The amplitude of this fundamental voltage vector is defined by

s, =/ ()2 + (ud )2, (2.6)
d

where ug, and ui, are the voltage components in the orthogonal (d,q)-reference
frame.

Further, the amplitude of the fundamental load voltage vector indicates the modu-
lation index m, which is defined by

lug | == m@, (2.7)
’ 2

where Upe is the DC-link voltage.
The angle v represents the resulting phase shift caused by the vector a; and b,
which indicates an unsymmetrical arrangement of the switching angles in a half
wave of the electrical period. This leads to a further shift in the phase of the load
voltage fundamental 0. For quarter-wave symmetric (QWS) switching patterns
the a, Fourier component gets zero and so 7 gets zero too. In this thesis half-
wave symmetric (HWS) switching patterns are used with four independent switching
angles (a,a9, ag and ay) over a half electrical period.
The resulting angle of the load voltage is defined as

ul
Oy := arctan(—). (2.8)

s,1

N

For three-phase star-connected motors this load voltage for phase U can be expressed

7
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by

+o0
ul(t) = > ay cos(v(wt + 7)) + by sin(v(w,t + 7)), (2.9)
v=1,5,7,11,13...
where a, and b, are the Fourier components and v describes the order of the har-
monic. It is worth mentioning that load voltage harmonics with the order multiple
of 3 are zero due to the star-connection of the motor windings.

2.5 Synchronous Optimal Pulse Width Modula-
tion

Synchronous Optimal PWM (SOPWM) or the methode of Optimized Pulse Patterns
(OPP) describes a PWM strategy for low switching frequencies and low dynamic ap-
plications, like in automotive applications, since the changes of the load torque and
motor speed are rather slow[2]. In the 1970s the concept of SOPWM was commonly
used because the available power semiconductors were relatively slow and not able
to obtain a high enough switching frequency to reduce the current harmonics for
dynamic and fast rotating applications. Nowadays, the power-semiconductors are
able to operate at very high switching frequencies but this leads to higher switching
losses. To improve the overall drive efficiency, motor and switching losses need to
be considered. The main goal of SOPWM is the limitation of the inverter switching
frequency, without compromising on the quality of the optimization criterion, in
the most cases the inverter output current waveform. This is of most importance,
because the current harmonics are responsible for further coper losses in the ma-
chine and those account for a major portion of the machine losses. The inverter
pulse patterns are calculated off-line for each steady state motor operating point
(modulations index m, anisotropy factor A = f—é and load angle ) and stored in
a look-up table to be available during operation. These pulse patterns fulfill a cer-
tain optimization criterion like minimizing the torque ripple, speed ripple, the total
harmonic distortion current (Iryp)[2] or as in this thesis described a minimized
RMS current into the DC-link capacitor of the inverter. Last but not least, the
battery-stack voltage can be fully exploited. Due to fewer switching-operations, the
fundamental voltage amplitude rises. This leads to an increased motor rated speed
as well as output power.

In addition to the already mentioned disadvantage of the low dynamics of SOPWM,
there are further disadvantages, such as the computing time for the optimal switch-
ing angles, where discontinuous switching angles most likely occur. These discon-
tinuous switching angles pose enormous problems for the current control loop. To
reduce this effect the switching angles get smoothed and then stored in the look-
up table. Adapting the optimal switching angles to get continuous patterns means
not using the full potential of SOPWM. Furthermore, for small modulation indices
SOPWM hardly has any benefits compared to Space Vector PWM (SVPWM). So
a combination of SVPWM and SOPWM is necessary to use the full range of the
operating points efficiently [3].

Another PWM strategy for low switching frequencies is the Selective Harmonic

8



2.5. SYNCHRONOUS OPTIMAL PULSE WIDTH MODULATION

Elimination PWM (SHEPWM) [7],[19]. However, it was found that elimination of
the lower order harmonics not always leads to optimal motor performance. The
conclusion was that it is better to use degrees of freedom for minimization of overall
harmonics than complete elimination of certain lower order harmonics [7]. Thus,
optimal PWM methods have been developed to minimize the overall effects of har-
monics [2],[3],[4],[7].







Chapter 3

Derivation of the Output Phase
Current of the VSI

This chapter concludes the information given by my supervisor’s paper [2] (Athina
Birda), currently PhD candidate at the Technical University of Munich.

3.1 Simplifications

In the following chapter and in the further thesis the stator resistance of the PMSM
find no further consideration and is set to zero. For the calculation of the phase
currents (i%,i?,1¥) the DC-link voltage Up¢ is set constantly to 400 Volts.

3.2 Formulation of the Load Voltage in Relation
to the Switching Angles

For three-phase star-connected motors, the load voltage in Fourier series notation
with respect to the half wave symmetric (HWS) switching signal angles are given

Ube 5 [bysin(u(wt +7)) + ay cos(v(wt +7))]

v=1,5,7...
+oo

Upc 3> [busin(v(wt+7v = %)) +a, cos(v(wt + 7 = F))]
1

v=1,5,7...
(3.1)

U?(t) +OOI/=1,5,7.A.
ul’(t) = (uiﬁ(t)) =|Upc > [bysin(v(wt+~—2)) +a,cos(v(wt+~v—2))] |,
Uy’

where the Fourier coefficients a, and b, generally are

a, = 71T/027T f(wt) cos(vwt)

= le(l — cos(vay) + cos(vaz) — cos(vag) + cos(vay) — cos(vm) (3.2)

+ cos(v(m + o)) — cos(v(m + ag)) + cos(v(m + agz)) — cos(v(m + ay)))

11
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VSI
b, =+ / 7 (wt) sin(vwt)
™ Jo
— ;V(Sin(um) — sin(vag) + sin(vag) — sin(vay) + sin(vn) (3.3)

—sin(v(m 4+ o)) +sin(v(m + ag)) — sin(v(m + a3)) + sin(v(7m + au))).

For odd order non triple harmonics the Fourier coefficients become simplified to

2
a, = —(1 — cos(vay) + cos(vag) — cos(vas) + cos(vay)) (3.4)
1z
and

b, = er(sin(uozl) — sin(vag) + sin(vag) — sin(vay)). (3.5)

The phase voltages in the three-phase system can be transformed into the syn-
chronous rotating (d, ¢)-coordinate system using the Clarke-Park transformation.

o —1 1
_|cos(wpt 4 @)  —sin(w,t + ¢o)
Tp(wrt + 6o) = lsin(wrt + gzﬁ(()]) cos(w,t + qf)o()) ] (3.7)
ul(t) =T, 1(w, o) Tcul™ (3.8)

apsin(y) —by cos(7)

5 [y cos(u(wrt + go) + (v = 1)) + ays cos(vlwrt + o) + (v + 1)y)]

+Upc | V55
;6_[_%71 sin(v(wyt + ¢o) + (v — 1)7) + apqa sin(v(wyrt + ¢o) + (v + 1)7)]

3 by sin(v(wit + do) + ( — 1)7) + buys sin(v(wnt + do) + (v + 1)7)]

+Upc | 158

5 s cos(i(ent + o) + (v = 1)) = by cos(i(nt + ) + (v + 1))
(3.9)

It is worth mentioning that the two orthogonal voltage components in the (d,q)-

reference frame contain harmonic components of multiples of six, while the load

voltages in the (u,v,w)-reference frame contain 6¢ + 1 multiples of harmonics.

— Upe <a1 cos(y) by sin(y) )

12



3.2. FORMULATION OF THE LOAD VOLTAGE IN RELATION TO THE
SWITCHING ANGLES

Solving equation (2.1) for the currents i¢ and i? plus re-transforming the currents
from the (d,q)-reference frame into the (u,v,w)-reference frame by applying the in-
verse Clarke-Park transformation (3.10) the motor phase currents (3.11),(3.12) and
(3.13) can be found in relation of the switching angles.

The stator currents in vector notation in the (u,v,w)-reference frame are represented
by

i d

iV(t) | = T Ty (wet + o) (Z.g@) . (3.10)

i (1) )

In detail

—i—UDC

gt o T 3

Ay41 .
<y n 1()\ 1) cos(27y) +

N mel (A — 1)sin(27) ) sin((v — 1)(w,t +7))
< L () — 1) sin(2y) — yb”_ll(A +1) (3.11)
f+ -(A = 1) cos(29) ) cos((v — 1) (wrt + 7))
YETR
N :V_—ll (A — 1) sin(27) ) sin((v + 1) (wt + 7))
N Sha
_ va_—ll (A= 1) cos(21) ) cos((v + )(ert + 7).
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CHAPTER 3. DERIVATION OF THE OUTPUT PHASE CURRENT OF THE

VSI
: ud )+ w, LA (u g — (W o
is(t) = Upc 9 w(QL;lOLg (rtpm)) cos(w,t — ?)
d +00
2, Upc
< Az (A —1)cos(2y) + Av-1 (A+1)
v+1 RE
b, 9
o +11 (A —1)sin(2y) ) sin((v — 1) (w,t + v — g))
bzzfl
—1)sin(2y) — A+1
( ) = T A Y (3.12)
DL (3~ 1) cos(2y) ) cos((v — et +7 — )
T cos(27) | cos((v Wit = 5
dy—1 Ay+1
—1 2
+<y_1“ Jeos(2y) + — (A +1)
b,_ 9
_ 11 (A —1)sin(2y) ) sin((v + 1) (w,t + v — g))
l/ J—
_ W ysin(2y) - 2t
+< (A~ Dsin(2y) - == (A+ 1)
- 2
by 11 (A—1) cos(27)> cos((v + 1) (wpt + v — ;))}
I/ p—
and
: uly + w, LI (ul y — (W pm Ar
i(t) = Upe—=2 w(2L;l0L§ (rpm)) cos(w,t ?)
d +o0
AT U
+ Upc TLS sm(w,.t — §> 2523 Zﬁ'
( e (A —1)cos(2y) + vt (A+1)
v+1 QR
b, 4
+ +11 (A= 1)sin(2y) ) sin((v — 1) (w,t + v — g))
v+
b,
V'H v—1
— 1)sin(2y) — A+1
( s = = (3.13)
b 4
()\ — 1) cos(27y) ) cos((v — 1)(w,t + v — ?ﬁ»
dy—1 Ay41
—1 2 1
—I—(V_l()\ ) cos( fy)—|—y+1()\+ )
b,_ 4
_ 11 A—1) sin(27)> sin((v+ 1) (wpt + v — g))
l/ J—
. Qy—1 . . - bV+l
+< S (A= Dsin(2y) = == (A+ 1)
b, 4
- _11 (A—=1) cos(27)) cos((v + 1) (w,t +v — ?ﬂ)) ,

. . q
where the anisotropic factor A = %
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Chapter 4

Derivation of the Inverter Current
of the VSI

The digital switching signals for the power-semiconductor are not steady functions
and difficult to handle. By decomposing these not steady functions into steady sine
and cosine functions by using the Fourier theory these functions become manageable.
The motor phase currents where derived in the previous chapter 3 in dependence
of the DC-link voltage and the switching angles. For this thesis, four independent
switching angles with a HWS constellation are used. The resulting inverter current
linw 1S the sum of the motor phase currents in the active inverter legs. This means
that the Fourier series of the digital switching signals for the power-semiconductor
must be multiplied with the Fourier series of the motor phase currents from chapter
3 for all three phases and summed up at the end.

The Fourier series of the switching states can be expressed by [22]

ao = .
SUt) ==+ Y [bsin(vwt) + a, cos(vwt)]

2 a3
v ag X . 27 27
SU(t) = 5 T ;_l[b,, sin(v(wt — ?)) + a,, cos(v(wt — ?))] (4.1)
st =2+ g:f_ T sinfo(ot - 4;)) 4 agy cos(v(wt — 4;))],

where the Fourier coefficients for each individual harmonic signal are

1 27
ap = — f(wt)dwt
7 Jo

(o +as—+m—a+T+as—T—ag+7T 4+ — 71— a3) (4.2)

=1

SHIEE R
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CHAPTER 4. DERIVATION OF THE INVERTER CURRENT OF THE VSI

a, = 1 /027r f(wt) cos(vwt)

™

= E(l — cos(vay ) + cos(vay) — cos(vag) + cos(vay) — cos(vm) (4.3)

+ cos(v(m + o)) — cos(v(m + ag)) + cos(v(m + ag)) — cos(v(m + ay)))

" f(wt) sin(vwt)

[e=]

(4.4)

1
7T

1
—(sin(ray ) — sin(vay) + sin(vas) — sin(vay) + sin(vn)
v

For odd order harmonics the Fourier coefficients become simplified to

a, = V27T<1 — cos(vaq) + cos(vas) — cos(vas) + cos(rvay)) (4.5)

and
b, — jr(sin(yozl) _ sin(vas) + sin(vas) — sin(vau)). (4.6)

The inverter current with respect to the switching angles can be calculated by ap-
plying Kirchhoft’s law. The current in the DC-link is the sum of the phase currents
in all active inverter legs.

iinv(t) = iinv,u(t) + iinv,v (t) + Z.inv,w (t)
= SU(t)ig(t) + S° ()i () + 5 (t)ig (t)

Equation (4.7) represents the inverter current in relation to the switching angles
assuming that the stator resistance is small and, thus, negligible. A further simpli-
fication is made, that the DC-link voltage remains constant, during operation. The
resulting failure of the inverter current for other operating points (see chapter 7) is
approximately 1-3 % and can be ignored without hesitation. The variation of the
DC-link voltage during operation is primary caused by the new considered resistor
Ry and inductance L;. The small impact on the overall accuracy is proven with
an equivalent simulation model of the PMSM, battery stack and VSI in Simulink
combined with PLECS (see figure 7.5).

(4.7)
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The inverter current for phase U is calculated by

Liny u(t) Su(t) ( )

Doing the same for phase V leads to

Ginuo () = Y ()i ()

=[SU(t) + Sy (t) + S5(t) + Se(t) + SE(t) + Sy (t) + Sy () + .

(821 (6) + i25(8) +887(8) + 1010 (8) + 1515(8) + -

=50 (t)ig, (t) + S5 (8)igs5(t) + S5 (4)ig7(t) + Sg(t)ig 11 (t) + Sg(£)ig15(t) + ...

+ ..

+ ST (8)iga () + ST ()ig 5(8) + S ()i (1) + ST (E)ig 11 (8) + ST(8)ig 15(t) +

+ Sv(t)li’ 1 (8) + 55(75)22’,5@) + 5§(t)25 7(£) + S5(£)ig 11 (8) + S5(8)ig 15(t) + ..
+ S5 (8)ig, (8) + S5 (0)ig5(t) + S5 (1)ig7(8) + 55 ()i 11 () + S5 (£)ig13(t) + ...
+ 57 (t)ig 1 () + 57 ()15 5(2) + 57 ()i 7(8) + S7(£)ig 11 (8) + 57 (£)ig 15(t) +

+ S5 (8)ig 1 (8) + Sg ()ig5(t) + S5 (t)ig7(t) + Sg ()i 11 (1) + S5 (t)ig3(t) + ...
+ ST (t)ig 1 (t) + ST, <t>i2,5<t> + STy (t)ig 7 (t) + STy (B)ig L, 1 (t) + S (¢ )ZZ 13(t) +

(4.8)
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CHAPTER 4. DERIVATION OF THE INVERTER CURRENT OF THE VSI

and for phase W, respectively.

iinv,w <t> =SY (t)’L;U (t)

=[S () + S(£) + Sy (t) + SE(t) + S¥ () + Sy (1) + S (8) + ..

]

e1(t) +igs(t) + i, () +igy, (8) +ig5(t) + -

w

i

(t)+ ...

w

w
S

n(t) + 55 ()i

w
S

w
S

5(t) + 50" ()i

w
s

(1) + 55 (1)

Sy (t)i

5,13

7(t) +5¢' ()i

(t)i

st + .

(t)i

w
1

an(t)+S

(t)i

w
1

w
S

w
1

as(t) + S

(t)i

w
1

w
S

+ SP(t)i

$,13

w

() + S

w
S

W)+ S

(t) + ...

w
S

i (t) + 55 ()i

w
s

(1) + 55 ()i

w
S

+ S5 (t)i

5,13

w

7(t) + 55 ()i

1 (8) + 55 ()i

() + ...

s, s, s (t) + 55 (1)

(1) + 55 ()i

w
S

+ S(t)i

s,13

w

7(t) + 55 ()i

(1) + 55 (1)

(t)+ ...

(t)i

w
7

an(t) +5

(t)ig,

w
7

os(t) + 8

(t)i

w
7

w
S

+ S7(t)i

5,13

w

7(t) + 57 ()i

L)+ S

(t) + ...

s, s, s (t) +55'(1)a

(1) + 59" (t)i

w
S

+ S¢(t)i

s,13

7(t) +5¢'(t)i

(1) + 59 (1)

() + ...

w

w
S

n(t) + Sy ()i

w
S

7(t) + 57 (1)

5(t) + 57 (1)

w
S

w
S

1) + 57 (1)

+ SH(t)i

5,13

(4.10)
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Rearranging the equation with the same harmonic components leads to

i () = [S @mx>+$vww>+aﬂm&uﬂ+w%yuu+5%yv@
+Wwww][ thﬁﬂ“m+Wuwu}[<mm>

o (£)igh (1) } [ ig13(t) + 50 (1)ig15(t) + S5 ()15 (1 )}
SY(£)il (8) + Sy (t)ie <ﬂ Sy ()it s(8) + ST ()it s(t)
[ﬁwz w+5%>”o+sw>W<ﬂ Sy ()i (8)

1 ()icn () } [ ig1s(t) + ST ()ig15(t) + 51 (1)i5(t )}

( 1
[@www Sy(8)it 1 (8) + Sy ()i <ﬂ [Sy(£)its(8) + S(£)it 5 (t)
+$wwaﬂ[mwmw+mo”o+wuwu][<mmo
+ 55 (£)ig 11 () + 55 (£)igh (t) } [ ig13(t) + 55 ()i 15(t) + S5 (1)i15(t )}
+ [Su(t)it (1) + SE()it, 5(1)
+Swmwuﬂ+pwm&w+6%>”U+SW>W<ﬂ [Su(eyi 1 (¢)
+ S5 (t)iga1 (8) + 557 (8)igh (1) } [ ig3(t) + S5 (8)ig13(t) + S5'(8)ig5(t )}
+ Sy (8) + SE(8)iL () + S ()i w} S ()it s(8) + SE(e)in 5 (t)

(

(

(£)i2 1 (8) + S (L) <ﬂ Syt s(8) + SE(e)in (¢

(1)i ;

ﬁwm&w+sw>”o+sw>wm}[ Yty (t)
(

+S¥()its(1)] +
+ 57 (8)ig11 (8) + 57 (£)igh (1) } [ ig13(t) + S7(8)ig13(t) + 57 (8)ig5(t )}
+ [Sy ()it (8) + Sy(£)in, (8) + ()(ﬂ Sy (£)it5(8) + S(£)its(t)

+ S (85 (8)] + [S8(8)it 7 () + S (£)il 7 () + S (£)it7 (8)] + [ S5 ()it 1, (1)

+ 85 (t)ig11 (8) + 59" (t)ighy t)} [ 5 (1)ig13(t) + Sg(t)ig5(t) + Sw(t)lgjw(t)}
+mmww+%mu@+% ()] + [Sh )i 0) + Sy ()i (t)
-%Sﬁ@ﬁiaﬂ}+[5ﬂ@ﬁZAﬂ-%Sﬂ()'(ﬂ—%Sﬁ()w()} [SH ()i, (1)
+ SE(#)i81 (8) + ST (1), (8)] + [SH(8)it () + S5y (£)il15(E) + Si (£)it ()] + -

+ ...
(4.11)
Solving equation (4.11) and keeping in mind that the signals in phase V and W
are the same as in phase U but with a phase shift of %” and 4?’T,respectively, many
terms in equation (4.11) get simplified when the additions theorem is used for these
phases.
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CHAPTER 4. DERIVATION OF THE INVERTER CURRENT OF THE VSI

For example:

Z.inv_So i1 (t) =

= S5 ()iga (1) + S5 ()15 (t) + Sg'(1)igs (t)

d q d
ag Ug o+ WTLg(us,o — (WrYpm)) Usg,
= 5[ DpC LA cos(w,t) + Up pe Z 0 sin(wyt)
d q d
us,() + w?“LlsI(us,O - (w'rqu)pm)) 2 u 5,0 2
+ Upc W2 LAL cos(wyt — ?) UDCwTLs sin(w,t — ?)
d q d
us,O + wTLg(us,O - (wr"vbpm)) 47 Ug g 471
+ Upc W2LAL] cos(w,t — ?) UDCwTLs sin(w,t — ?)}
ud )+ w, L (ul ) — (Wrhpm 2 4
= % [UDC =t ;(EL;‘OLE (o)) [COS(wﬂf) + cos(w,t — %) + cos(w,t — g)}
udy
2 4
+ Upc Lq [sm(wr ) + sin(w,t — g) + sin(w,t — ;)”
_ @ U us,O + erg(ug,o - (Wrwpm)) [0}
2 | P¢ w24
ul
+ Upc Lq [0}
=0
(4.12)

Doing so for all terms of equation (4.11) leads to the knowledge that there are five
groups, which are not equal to zero and so determine the inverter current 4;,,(¢). This
resulting current consists of a DC-part and multiples of six harmonics.

Table 4.1 represents how the DC-part is formed for the inverter current. The first

DC group 1 | DC group 2
Sits1 Ssis5
Svis,7
S1its,11
Si3is13

Si7is 7
S1gls,19
So3is,23
Sosis,25

Table 4.1: Table for calculating the DC-part of the inverter current for DC-group 1 and 2

DC-part of the inverter current is generated by the sum of the fundamental switching
waveform multiplied with the fundamental current waveform for all three phases,

20



which results in

' 3 ul o 4+ wr LI (ul g — (wrthpm ud
iino pe1(t) = =Upe |ag =2 (2 (,io 7 (rYom)) cos(y) + a1—=5 0 sin(v)
2 wiLeLs wy L2 (4.13)
b ug,O + WrLZ(UZ,o - (wﬂ/}pm)) . b d ‘
+ b W2LALT sin(y) — Lq 0_cos(y)].

The second DC-part of the inverter current is formed by the sum of all v — 1 order
switching harmonics, multiplied with v — 1 order current harmonics and v + 1 order

switching harmonic, multiplied with v + 1 order current harmonics for all three
phases.

. 3 1
ZinvﬁDC’?( ) 7UD02 Lq Vzgl
( DL (N = 1)cos(29) + =L (A + 1) + o (A—1) sin(2fy)>b .
v+1 v—1 v+1 v
Ay+41 . v—1 by+1 )
—1 — 1) — —1 _ 4.14
+(V+ 1()\ ) sin(2) — 1()\—1— ) " 1(/\ ) cos(27) Ja,_1 (4.14)
ay—1 . Ay41 b i . )
+<V L (0= Deos(2y) + 22 (0 1) = L = Dsin(29) )b

Wy _ b by )
—|—< V_l()\ 1) sin(27) V+1<)\+1) 1/—1()\ 1) cos(27) ay+1]

Combining (4.13) and (4.14) results in

binw. DC(t) = tiny DE1(t) + iy Deo2(t)

3 ug,o + WTL;](UZ,O - (Ww¢pm)) udo .
= 5UDc [a1 W2 LILY cos(7y) + alerg sin(y)
d q ud,
us70 + erg(“s,O - (Wr¢pm)) .
+ by WLALT sin(y) — by Lq cos(y)}
3y ¥
2 DC Lq v=>61

CLu—f—l _ ay—1 bl/—‘rl N . )
(1/ 1 (A —1)cos(2y) + 1 (A+1)+ - 1()\ 1) sin(2y) )b, 1

n ( Ayt1 (A — 1)sin(27) — b1 (A+1) — v (A—1) 008(27))%_1

v+1 v—1 v+1
Qy—1 . Ay+1 b — . . )
+(V_1()\ Deos(2)) + 2L+ 1) = A= D sin(@) Jba
(= 2= Dsin(y) = 1) - O 1 cos(29) )
o sin(2y) = 7 — cos(27) )ay41| -

(4.15)
The given tables 4.2, 4.3 and 4.4 show which parts of equation (4.11) contribute to

the harmonic parts of i, (t). In table 4.2 Ssiy; implies S§(t)iy,(t) + S5 (t)iy,(t) +

21



CHAPTER 4. DERIVATION OF THE INVERTER CURRENT OF THE VSI

S5 ()ig ().
harmonics group 1
6. harmonic | 12. harmonic | 18. harmonic | 24. harmonic | 30. harmonic
Ssis1 Stiis S17ls,1 So36,1 Sagis,1
Sliss Stis 1 Stisar Slis 23 Slis29
S7ls1 Sisls1 Si9%s.1 Sosls.1 Sa1ts.1
Shis, Shis 3 S1is19 Shisos Shis31

Table 4.2: Table for calculating the harmonic components of the inverter current of har-
monics group 1

Written as a final equation, the harmonic inverter current component produced by

group 1 is

iianroupl UDC Z [

v=>61

Ud Wy quso_ Wr Ppm 1
[ S0t wrLi(ufy — (wpt) ))[(ay_1+ay+1)cos(’y)+(bl,+1—bu—l)sm('V)]

W2LILT
+ fl[?q [(ay—1 + ays1) sin(y) + (by_1 — bys1) cos(7)]
+ QwiLg[_ bl(j”flM —Deos(2y) + L (A+1) + f’fl (A—1) sin(2fy)>
b (2 0 singa) — 204 1) = P ) coso)
+ b1< v 11(A — 1) cos(2v) + V”J:I (A+1)— Vb”_‘ll(A _ 1)Sin(27)>
+ al( — (A= Dsin2y) = () - Vb”_‘ll (A1) Cos(2fy)>H
cos(v(w,t + 7))
i [that el s om0+ B+ ) o)
+ cf.f? [(@ys1 — ay_1) co8(Y) + (by_1 + bysr) sin(7)]
ol (570 D eos@) + S50+ 1+ O - D)
+ by (Va’fl(A — 1)sin(2y) — Vb A+1)— bui1 ( )COS(27)>
+ a1<:”_11(A — 1) cos(27) + V“f A+1) - Vb_ S - 1)Sin(27)>
- b1< - :”:11 (A = 1)sin(2y) — be (A+1) - Vb”_ll (A—1) cos(2ﬂy)>H
sin(v(es1-+)

(4.16)
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harmonics group 2
6. harmonic | 12. harmonic | 18. harmonic | 24. harmonic | 30. harmonic
S5i8,7 SSisJS S5is,19 55i3,25
S7is s S13ls,5 S19ts,5 Soslss
Stis 1 S7is 17 S7is 23
Siits,7 Si7is7 Sogls7
Siiis13 St1is,19
Sists,11 S19ts.11
Si3ls17
S17is13

Table 4.3: Table for calculating the harmonic components of the inverter current of har-
monics group 2

Written as a final equation, the harmonic inverter current component produced by
group 2 is

‘ 3 1 400 v—6
Yinv_group2 = iUDCm 26: kz
TS y=6i k=6i
{a <au_k+1(/\ —1)cos(2y) + M(/\ +1)+ M(A — 1) sin(2 )>
Uk + 1 T Tk v—k+1 7
Qy—k+1 : by—k—1 by—k+1 )
kL 0 Y gin(29) — —XETL (1) — —2EEL (1) cos(2
b (G2 (= Dsin(g) — (4 1) - 2 (- 1) cos(2)
(y—k—1 B Ay —f+1 by N )
+ a1 (u — 1()\ 1) cos(2v) + kol 1()\ +1) k1 1()\ 1) sin(27)
Ay—k—1 . bu—k+1 bu—k—l >:|
bp_1| ———(A—1 2y)——— A\ +1) — —(A—1 2
b = S (- Dsin(2y) - 2L (1) - L (4 1) cos(29)
sin(v(w,t + 7))
Qy—k41 Ay—k—1 by—k+1 : )
— b — (-1 2 — A+ 1)+ — -1 2
et (2 (= D cos(29) 4+ L (4 1) 4 2L (- sin(29)
Ay—f+1 . br/—k—l bV—k+1 )
— ——(A—1 2y) — —mA+1)— ——(\—1 2
i (S (= D sin(@9) = P (1) = 2L (4 1) cos(29)
Ay —f—1 Ay—k+1 by—k—1 . )
bp_ 1| ———(A—1 2 — A+ 1) - —(A -1 2
b (S2T (= Deos(2y) + -2 (4 1) - S (3 sin(2)
_ B Ay—k—1 . . . bl/*k“i’l - bl/*k*l . >:|
aer (= S (= Dsin(2g) - (4 1) - 2 (- 1) cos(2)
cos(v(w,t + 7))] :
(4.17)
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CHAPTER 4. DERIVATION OF THE INVERTER CURRENT OF THE VSI

harmonics group 3
6. harmonic | 12. harmonic | 18. harmonic | 24. harmonic | 30. harmonic
Ssis 11 Ssis 17 Ssiis 23 Ssis 29 Ssis 35
Stiiss Si7iss S35 Soglss S35ls,5
S7is13 S7is 19 S7is 25 S7is31 S7is 37
Sisls7 Siots7 Sosls,7 Saits7 Sarisr
Sitts7 Si1ts,23 Shiis29 Sh1is35 Sittsa1
Si7is11 Sagls 11 S99%s.11 Sasis.11 Sa1ts11
S13is19 S131s,25 S131s31 S13is 37 S13is 43
Si9is3 So5s,13 S31i4,13 S37is,13 S430s,13

Table 4.4: Table for calculating the harmonic components of the inverter current of har-

monics group 3
Written as a final equation, the harmonic inverter current component produced by
group 3 is

. 3 1 +00 +00
Yinv_group3 = iUDCW Z Z

» vis by |
{bj_l (aﬂﬂ()\ — 1) cos(27y) + L,]l(/\ +1)+ (A —1) 3111(27))

v+g+1 v+j3—1 v+j+1
+a; (Va:y?il(x ~1)sin(29) — f:;—_llu +1) - Im(x ~1)cos(27))
+ bj_HV(;‘fl (A — 1) cos(29) + j“j_llu T+ ;’Tl (A—1) sin(?’y))
s (FEL = 1)sin(2) = 2O 1) = L0 1) cos(2))
+ b1 (;:’j;?__ll()\ — 1) cos(27y) + m(/\ +1)— Vb—:j;j_—llo\ —1) sin(2y))
+ ajH( - Vafjj—_llu — 1) sin(27) — m“ 1) - f:y?—_ll(x _1) cos(27)>
+bgrr (O = Deos(y) + L0+ 1) - 20 1)sin(2n))
+ aj+1+y< = ;”_‘11 (A —1)sin(27) — ;’Tl (A+1)— jbj_‘ll A—1) cos(m)ﬂ
cos(v(wyt + 7))
+ [ajl (%“ — 1) cos(2v) + ,/617__11“ +1)+ bejj*:lu —1) sin(2’y))
b (V“i;?:l(x ~ 1) sin(27) — 1/117_11“ 1) - m@ _1) COS(Z’y))
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: . b.
_ aj_1+,,< L\ — 1) cos(2y) + jaf_ll(A T 1)+ jfl (A=1) sin(27))

J+1
o (LA - 1)sin7) - 2O 1) = PO ) cos(2))

J+1 7—1 J+1

Aytj—1 Ayt j41 bytj—1 : )

| ——A =1 2 — (A +1)———— -1 2
g (SO = Deos(y) + SO 1) - 2 (- Dsin(29)
s Oy B . B butjtt B byt B )
b]H( ST = Dsin(2y) = L (1) - (0~ 1) cos(29)

a;_ a; b _

— Qji1ey <j]_11()\ — 1) cos(27y) + ; i:ll A+1)— jj—ll (A—1) 8111(27))
a;_1 . b; 1 b'—l

+ bj+1+y< LA sy - L0 - - 1)005(27))]
sin(v(w,t + 7))]
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Combining and rearranging the harmonic groups while separating them for a sine
and cosine part, the equations (4.18) and (4.19) are found.

) 3 u(si,o + erg(ug,O — (Wrtpm))
Zinv_cos,u(t) = §UDC szng
[(@y—1 + ayy1) cos(y) + (buy1 — b,—1) sin(y)]

d
us,O

+ 7 [(ay—1 4+ ayy1)sin(y) + (by—1 — by41) cos(7)]

+

1 Aut1 Av—1 bVJrl . )
50 L1 “ bl(,/ n 1()\ 1) cos(2v) + o 1()\ +1)+ e 1()\ 1) sin(27)

Ap+1 i . i bl/—]. . bV+1 . >
+a1(1/+1(x 1sin(29) = —*= (0+ 1) = 2 (0= 1) cos(29)

0 (2L 0= D eos(2n) + T (1) Vb”_ll (A= Dsin(2y))

+ al( — Bl (3~ 1) sin(2y) - bel (A+1)— yb”_—ll (A—1) COS(27))]

- lg brt1 <al’_k+1()\ — 1) cos(2y) + ﬂ()\ +1)+ ﬂ(/\ —1) sin(2fy)>
Pt v—k+1 v—k—1 v—k+1

- (m“ 1) sin(2y) — VZ’_”—;—_ll(A +1)— m“ _1) cos(2’y)>

+ br—1 (VOL_I'_]{:C__ll(/\ — 1) cos(27y) + Va_y_ik]:ll(/\ +1)— Vb_l’_]j__ll()\ —1) sin(27))

- ak_1< - ek ()~ 1) sin(2y) - yb—/:i S(A+1) - Vb_”k’j_l -(A—1) cos(zy)ﬂ

+ ;fj: bj1 (V“;]ﬁ: (A= 1) cos(29) + Vﬁ;?'—_l S+ 1)+ Vb;;*: -(A—1) sin(2’y)>

+ajy (,,1”7111“ 1) sin(27) — bej?‘—_ll(x 1) - f:ﬁl@ _1) 008(27))

+ bjw(]‘?{:ll (A= Dcos(2y) + HE 0+ 1) + ffl (A= Dsin(2))

Faj 14 <jj++l1“ — 1)sin(2y) — jbj_ll (A+1) — ij1 (A—1) COS(27))

Ay4j—1 Ay4j+1 butj—1 . )
bjpi1| ————(A—1 2 —— A1) —— -1 2
(20 - Deos(20) + (4 1) - L 1) sin(2y)

Aytj—1 . butjt1 bytj—1 )
(= L ) sin(2y) — 2L (v p 1) — L (0 1) cos(2
+%“( 1 — 10 T Dsin@n) = ommm O ) = o (A = 1 cos(2y)
aj—1 ajy1 bj—1 . )
; ——(A—1 2 1) — —1 2
+b]+1+,,<j_1()\ ) cos( ”y)+j+1()\+ ) j—l()\ ) sin(27)

aj—1
J—1

(= Dsin(27) = 2L (1)~ L) cos<2v>)”

J+1 J—
(4.18)

26



. 3
Zinvisin,y(t) - §UDC

ugo + wrLi(udo — (Wrthpm))
w2LiLd

[(ay—l - au+1> SlH(’}/) + (bl/+1 + bu—l) COS(’Y)]

d
Us 1
50 s — 1) €05(7) + (b + ) sin(y)]

1 Qy41 ay—1 bl’+1 : )
A—1 2 A+1)+—A—-1 2
+2wTLq“a1(V+1( ) cos( 7)+V—1< N )+1/—i—1( )sin(27)

+ b1< LN — 1) sin(2y) —

L 1) — ey ) cos(2))

k=61

+1 v—1 v+1
1 Ayy1 b1 . )
—1 2 — 1) — —1 2
+ar( 220 Deos(2) + (4 1) = 22 (0 = 1sin(2)
B 1y . B byt b1 B )
bl( Ll (A= Dsin(2y) = 22+ 1) = (3 - D cos(29) )]
+VZ_6 a <W()\—1)cos(2 P NN L 7 =~ S G RS ))

h v—Fk—+1 i v—k—1 v—k+1 "

+ bk+l(c‘”"“+l(A D) sin(2y) — —EL 41y — ek gy 005(27))

v—k+1 v—Fk—1 v—k+1
v—k— v— bl/** .
+ ag—1 (lja—kk—ll()\ — 1) COS(2’Y) + I/a_i]::_ll()\ + 1) — y—ilf—ll(A — 1) sm(Q'y))
v—k— ) b,_ by
Q4541 Ay4j5—1 bu+j+1 . )
A—1 2 — (A +1 —T _(A—1 2
?21 - 1( (0~ 1) cos(29) £ S 1) + (- siny)
(yqjt1 . bytj—1 buj+1 )
— b ———(A—1 2v) — —— (A +1) — ——(A—1 2
1 (AL (0= Dsin2) y+j—1( +1) = (0~ 1) cos(29)

Aj41 by+1 . )
—aj 1| (A1 2 A1 A—1 2
o (2 (= Deos(29) + FEL O 1)+ O - 1) sin(2)

_ b,
+bj_140 (;L:_Hl (A —1)sin(2y) — ]_11()\ +1) — .J+11()\ - 1) Cos(2”y)>

7+
Ayij1 Aytjt1 butj—1 . )
(L 0 1) cos(2y) + L (b 1) — 2L (1) sin(2
g (SHH O Deos(20) + S (1) -2 (- 1 sin(2y)
Aytj—1 : bytjt1 bytj-1 )
by = T (N~ 1) sin(2y) — —2HH (A4 1) — 227N ()~ 1) cos(2
(= S O - Dysin(2n) - (4 1) - L (- 1) eos(29)
- b,
—aj+1+y(,“ﬂ L= Dcos(2y) + L+ 1) - 11()\—1)5111(27))
J— J J—
b, (— oL () 1)sin(2y) — 0! (A +1) - b (3 1) cos(2 ))]
j+1+v -1 Y Jr1 -1 Y
(4.19)

27



CHAPTER 4. DERIVATION OF THE INVERTER CURRENT OF THE VSI

Finally, the inverter current with its five components can be written as
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_ ay—1 N . N bl/—l—l . bu—l _ )
+( - 1()\ 1) sin(2y) V+1()\+1) o 1()\ 1) cos(2) a,,H]

+ zo:o [Z’mvcos,y(t) cos(V(wt + 7)) + tiny_sinw(t) sin(v(wt + 7))1 .

v=6¢

(4.20)

28



Chapter 5

Derivation of the DC-link Current
of the VSI

Analysing the equivalent circuit diagram of the two-level VSI (see figure 2.1) and
combining R; and R; to R; as well as L; and L; to L; leads to the complex impedances
Z1, = Ry + jyw,Ly and Z., = Rgsr — jWTICDC. By applying Kirchhoft’s law
under the simplification that the DC-link voltage is constant for the phase current

calculation i%(t), i%(¢) and i¥(¢) the following equations are found.

0= —Uo + Zl,yibl/(t) + UDq,j(t) (51)
UDC,V(t) = ic,u(t)Zc,V (52)
Wb (t) = tinwp(t) + icu(t) (5.3)

Inserting (5.2) and (5.3) in (5.1) leads to the final equation for i.(t).

Ui Ziy .
Gey(t) = ° - - Ginww (1)
’ Zl,z/ + Zc,u Zl,z/ + Zc,u 7
Uo Rl + jVWrLl . (t)
- . . - . . Yinv,v
Ry + jvw Ly + Resk — g Bi+ jvwr i + Resk — J oo
(5.4)

To eliminate the imaginary part in the denominator the complex conjugate term is
multiplied and i.(t) results in:

e Uo(Ry + Resr — j(vwrly — 7))
’ (Rl + RESR)2 + (VWTLl - I/WTICDC)Q
Ri(R1 + Rpsg) + vV*w?L} — 4

Cpc

- -'im) v t
(Ri + Rpsr)? + (vw, Ly — — )22 A1) (5.5)

vw,-Cpco
vw,.Li(Ry + Resr) — Ri(vw, Ly —

1
l/UJrCDC) .
—J Yinw,v t
(Rl + RESR)2 + (Verl — VwréDC)Q ( )
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CHAPTER 5. DERIVATION OF THE DC-LINK CURRENT OF THE VSI

To calculate the DC-part of this equation, ¥ must be set to zero. In doing so, it
quickly becomes clear that i.q is also zero. This is an indication that equation (5.5)
is correct, because by applying a pure DC voltage to a capacitor in reality, no current
will flow into the capacitor after it is charged. Due to the fact that Uy is 400V for
v = 0 and zero for all other values for v, the equation (5.5) can be reduced to:

i Rl(Rl + RESR) + l/2w3L% — L

)= 2 {(R1 + Rpsr)? + (vw, Ly — 1CDC)2iinU’V(t)

vt verCpo (5.6)
N vw,.L1(Ry + Resr) — Ri(vw, Ly — WTICDC) , (t)}
Yinv,v
/ (R1+ Rpsr)? + (vw, Ly — Wr,éDCV

Transforming equation (5.6) into polar form and multiplying with the polar form of
equation 4.20 for v > 1 results in

> 3. 3. T
[c = — Z [(5’%711}7005,1/(75)‘41/7 + iyzinU,SiTL,Vl(t)é(V’y - 5))HCH:V460H7V}
v=61
> 3 , 3 , T
= — Z [§Hch,u|zinvicos,u(t)|4(V’7 + QC'H,V) + §Hch7,j|va75m7,/’(t)l(l/7 o 5 + QCH’V)]’
v=>61
(5.7)
where
H \/(R1(R1 + Rpsgr) + v2w2L3 — %)2 + (vw,. L1(Ry + Rgsr) — Ri(vw, Ly — ,MTICDC))Q
City = (R + Rpsr)? + (vw, i — 56-)?
(5.8)
and Li(Ry + Risn) — Ri(vw, L L)
vw, + — VWply — ———
Ocp,, = arctan i 1 5 : JenCpe’, (5.9)
Ry(Ry + Rpsg) + vwili — Coo

Applying the phasor theory, the capacitor current (5.7) can be re-transformed into
the time domain

= 3

Zc(t) = - Z {5 CH,V|Z.in1)7€OS,V(t)| COS(V(UJt + 7) + QCH,V)
; v=6i (5.10)
, ™
+ §HCH,,,|zmv_sm,,,(t)| cos(v(wt + ) — 5 + HCHJ,)}.
In general the root main square of a harmonic signal is calculated by
RM Syota1 =\/RMS} + RMS3 + -+ + RMS2 ., (5.11)

where

RMSV _ \/Agos + Asin o \/(%HCH,V’iinv_cos,u(t)|)2 + (%HCH,V|iinv_sin,z/(t)|)2 .

V2 V2
(5.12)

The nominator of equation (5.12) describes the magnitude of the resulting signal
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consisting of the sine and cosine part of the capacitor current. The denominator is
the conversion factor for a sinusoidal signal form.

[e'S) §H 5
[c,RMS :\l Z ((2 St

v=>61

Zlim;fcos,u (t) | )2 + (%HCH,V |iinvisin,u (t) | )2)
2

(5.13)
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Chapter 6

Optimization of the Switching
Angles

To gain the optimized pulse patterns (OPP), a certain mathematical optimization
criterion in relation to the switching angles must be determined. To optimize this
criterion the function must be minimized or maximized while fulfilling all given
constraints. In the most cases the THD current in the output signal is minimized
to gain a sinusoidal current. This reduces further copper losses in the machine
and improves the drive system efficiency [2],[5],[6],[3]. Moreover, other optimization
criteria like EMC-emission reduction [9], torque ripple reduction [8], sound-emission
cutback and RMS DC-link current minimization, which is used in this thesis as
optimization criterion, find also application.

6.1 Optimization Criterion

The most sensible component in a VSI is the DC-link capacitor. Due to ageing,
the capacitor’s electrolyte dries out and leads to a breakdown of the whole VSI.
This ageing phenomenon is accelerated by high temperatures, either produced in
the capacitor itself or by the surrounding environment.

The ambient temperature depends on the climate, place of use of the machine, as well
as the cooling strategy. These will not change with optimized switching patterns,
and therefore will not be discussed further.

The heat produces in the capacitor depends on the switching strategy. To minimize
the amount of heat produced, the optimization criterion for this thesis minimizes
the RMS DC-link current, because P, = CQ rvsBResr. Therefore it is very important
to use a high quality capacitor with a low Rggr, and most importantly, a low . rars
amplitude.

Compared to the other components in a VSI, the capacitor is relatively large, in order
to maintain a more or less constant DC-link voltage during operation. Therefore it
must be able to deliver high current peaks to minimize the voltage ripple in the DC-
link. To supply the system with high current peaks during operation, the capacitor
must have a high capacity value combined with the electric strength, which results
in a large and expensive component. If the lifespan is not the focus of optimization
but the cost and size reduction is the main goal, it is also possible, with the same
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CHAPTER 6. OPTIMIZATION OF THE SWITCHING ANGLES

OPP to reduce the size and value of the capacitor by same voltage ripple in the
DC-link and same lifespan. This size and cost reduction is possible due to the lower
DC-current ripple in the capacitor while using the OPP.

In the previous chapters the current in the DC-link is derived in relation to the four
independent switching angles (a;-ay).

> §H v 'im) cos,v t 2 §H v 'z'm) sin,v t 2
. :J 5~ (GHonelie ns @) + Flcneline snsOF) g
v=6¢
Thereafter, the optimization problem can be formulated as follows:
min Ic,RMS (62)

a1,002,03,04

To minimize this function the following constraints need to be taken into account.

6.2 Constraints

The four independent switching angles are located in the first half electrical period
of the switching signal for HWS PWM-voltages, where

0<oy <ay<az<ay <. (6.3)

Further,
U
Vai+ b3 = m%c (6.4)

must be fulfilled at any time, where a; and b; are the amplitudes of the Fourier
coefficients for the fundamental voltage, m is the modulation index and Up¢ is the
DC-link voltage.

6.3 Optimization Procedure

The optimization procedure is the key to find the optimal pulse patterns, but it is
not as easy as it may seams to find a global minimum of the optimization function.
In this thesis Matlab combined with the fmincon minimization function was used.
The fmincon function is very sensitive to the start values because it starts looking
for a local minimum in the surrounding of this point. Knowing that, the optimiza-
tion algorithm needs to start near the global minimum, which of course is not known
yet. Therefore in this thesis a pre-optimization was executed to find the area where
the global minimum is. This algorithm is designed to test all possible angles for one
operating point, where the anisotropy factor, load voltage phase, modulation index
and the motor speed are constant. To reduce the calculation time the angle-steps
are set to 0.1745. For every step an optimization is executed with the fmincon
function and the constraints mentioned above. At the end of this algorithm the
minimum value with the responsible angles is found and can be used as a start
value for the main optimization over the whole range of 6. Despite the relatively
huge angle-steps the pre-optimization, with a capable computer, runs for several
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hours. This fact indicates the main problem. In order to find the global minimum
for every operating point and small steps for the load voltage phase, motor speed,
modulation index and anisotropy factor, a conventional computer would calculate
for hundreds of years. In future such minimization problems could be faced with a
quantum-computer.

Even if all global minimums where found, it is not certain whether those pulse pat-
terns would be able to be implemented in a controllable current control loop. If the
pulse patterns change drastically between two operating points, the whole current
control loop becomes unstable while crossing this area during operation.

To overcome the computational time problem and achieve relatively smooth switch-
ing angles in the area of operation [23], two global minimums where determined for
a single operating point as described above. One in the area between 0 < 0y < 7
and one in the area of m < 0y < 2.

From the first starting point an optimization with new constraints was executed
into the direction of point #; = 0 and 6y = w. The new constraint is that the new
optimized alphas for the next operating point are allowed to vary by a maximum of
+0.02618. If this condition is violated or there is no minimum within this area, a
new starting point must be chosen for a second try. This new starting point is found
by adding a random number between —0.04363 and 0.04363 to the initial starting
point. This routine was repeated until a minimum was found that fulfills the con-
straints. Once the algorithm finds a minimum that fulfills the new constraints, these
angles become the new initial values for the next iteration towards the boundaries.
In this thesis a new optimization was executed for a constant w,,, A, m and every
0.03491 for 6y .

For the area m < 6y < 27 the procedure is the same, but with the initial angle
values from the global minimum in this area.

To gain a controllable current control loop within a reasonable calculating time
means not using the full potential of OPP.
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Chapter 7

Results

In this chapter the results of the I. rars optimization at different operating points
are illustrated and compared to the optimization executed in [2], where the opti-
mization criterion was a low THD factor in the output current.

Due to the fact that equation (5.13) has a strong dependence on the motor rational
speed, this variable additionally defines an operating point. For the further discus-
sion an operating point is defined by an anisotropy factor A\, modulation index m,
load voltage phase #y and mechanical rotational speed n,,. The anisotropy factor
is set constant to 3.2 for this thesis.

In a further step, the resulting angles for an optimized I.gas in the operating
point where 6y = 3.8048, n,, = 9000rpm, A\ = 3.2 and m = 0.6, are fed to a
Simulink /PLECS simulation. This simulation operated in this given operating point
validates the correctness of equation (5.13), (5.10), (4.20) and the optimization itself.

aq, Og, 03, Oy

Lor

Figure 7.1: Look-up table to gain the optimized switching angles during operation with the
four input parameters, which define an operating point.

7.1 I.pys Optimization at n, = 9000rpm, A\ = 3.2
and m = 0.6

Figure 7.2 represents the resulting angles of the I. ryss optimization, which can be
stored in a look-up table(see figure 7.1), in order to be able to access these angles
during operation. The pre-optimization was executed at 1.0123 and 3.8048. From
these points the optimization algorithm searched it‘s path to the boundaries 0 and
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Figure 7.2: Optimized angles for minimal I, rys at ny = 9000rpm and a modulation
index of 0.6.
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Figure 7.3: I. rys for different optimization criteria at ny, = 9000rpm and a modulation
index of 0.6.

3.1067 respectively m and 6.2483 with the constraint of a maximal deviation of
+0.02618 from the previous angle.

Figure 7.3 illustrates the main message of this thesis. By applying the new OPP,
where the optimization criterion was a minimal RMS current in the DC capacitor,
the current /. gars can be reduced significantly for the whole range of 6y demon-
strated with the red line. The blue line shows the resulting /. ryss by using the old
OPP from [2], where the optimization criterion was a minimal THD in the output
current.

Figure 7.4 shows the expected disadvantage of the new found OPP. By focusing on
minimizing I gy the THD factor for the output current increases. The red line
represents the so resulting TDH current for the whole 8 range.

Figure 7.5 is a enlarged sector from the figure 7.7 and displays the validation of
the derived equation for the inverter current for the operating point 6y = 3.8048,
Ny = 9000rpm , m = 0.6 and A = 3.2. The green line represents the reference signal
produced by a Simulink/PLECS simulation where the machine, battery, control-
system and the VSI are modelled. The graph was recorded after 2 seconds where
the machine was able to come in a steady operating point, while controlled in open
loop. The red line represents the calculated inverter current by using equation (4.20)
while the DC-link voltage is extracted from the simulation and fed into the calcula-
tion. This results in a very good approximation of the real inverter current. For the
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Figure 7.4: Itgp for different optimization criteria at n, = 9000rpm and a modulation
index of 0.6.

calculation 100 harmonics have been considered. During optimization the variable
Upc is not known and therefore set to a constant value of Ups = 400V. The so
resulting calculated inverter current suffers in accuracy due to the simplification,
seen as brown line in the figure.

Figure 7.6 was recorded during the same conditions as figure 7.5 and represents the
current into the DC-capacitor. It illustrates also the problems of the Fourier approx-
imation. Sharp peaks can not be represented well. This problem does not lead to
a deviation in the RMS-current calculation. The I, gas is 32.31A over an electrical
period for the reference signal. Inserting a variable Upc into the equation (5.13)
delivers for I. pprs = 32.21A. This small deviation can be neglected and is caused
by the ignored stator resistor of the machine. Inserting a constant Upc into the
equation (5.13) delivers for I. rars 32.89A. The deviation due to the simplification
is rather small (1.8 %). In other operating points the maximum deviation was as
well approximately 1-3 %.

It should be noted that the harmonics which occur in the DC link are almost com-
pletely swallowed up by the DC link capacitor and thus hardly any harmonic currents
have to be provided by the battery itself. This can be seen in figure 7.7 and 7.8,
where the 7. graph looks very similar to the ;,, graph just without the DC offset.
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Figure 7.5: Enlarged section of trace i, at n, = 9000rpm and a modulation index of 0.6
where Oy is 3.8048.
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Figure 7.6: Enlarged section of trace i. at n, = 9000rpm and a modulation index of 0.6
where Oy is 3.8048.
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7.2. Icrus OPTIMIZATION AT Ny = 5000RPM, A = 3.2 AND M = 0.6

7.2 I.pus Optimization at n, = 5000rpm, A = 3.2
and m = 0.6

Figure 7.9 displays the switching angles for a minimal RMS DC-link current at
the given operating point. The pre-optimization was executed at 6y = 1.5010 and
Oy = 4.887. The most important fact here to see is the mentioned strong dependency
of equation (5.13) on the mechanical rotational speed of the motor. The resulting
optimal angles are totally different at different speeds.

Figure 7.10 shows the resulting minimal I. gasg for the calculated angles (red), the
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Figure 7.9: Optimized angles for minimal I. gps at ny, = 5000rpm and a modulation
index of 0.6.

I. rars graph for an optimized THD in the output currents (blue) from [2] and the the
I. rvs with the angles from the optimization at the operating point n,, = 9000rpm,
A = 3.2 and m = 0.6 (green dashed).

Figure 7.11 represents the graphs for the I7yp where the optimized angles for dif-
ferent optimization criteria and different operating points are used.
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Figure 7.10: I. ryms for different optimization criteria at n,, = 5000rpm as well as n,, =
9000rpm and a modulation index of 0.6.

46



7.2. Icrus OPTIMIZATION AT Ny = 5000RPM, A = 3.2 AND M = 0.6
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Figure 7.11: Ipgp for different optimization criteria at n,, = 5000rpm as well as n, =
9000rpm and a modulation index of 0.6.
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7.3 I.rus Optimization at n,, = 9000rpm, A = 3.2
and m = 1.2
Figure 7.12 illustrates the switching angles for a minimal RMS DC-current at the

given operating point. The pre-optimization was executed at #y = 1.7104 and
Oy = 4.5029. For higher modulation indexes the figure 7.13 and figure 7.14 display

T
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— optimized oy
. —— optimized ay

6 optimized asg
— optimized ay

w3

T

switching angles [rad]
B
T
|

T N
6
0 | | N | | | | | | |
0 s s T 2m 5w ™ T ar 3= 10r 1w 9p
6 3 2 3 6 6 3 2 6 6
ty
[rad]

Figure 7.12: Optimized angles for minimal 1. ryprs at ny = 9000rpm and a modulation
index of 1.2.

the resulting I. rprs and Irpp, respectively which occur while feeding the machine
with two different optimized angles. The blue line represents an optimization for a
low THD factor in the current output signal and the red line is designed to fulfill a
minimal RMS current in the DC-link of the VSI. For high modulation indexes the
difference between the two lines is not as big as for lower modulation indexes but
still, an optimization which reduces the RMS current in the DC-link is possible.
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Figure 7.13: I. ryms for different optimization criteria at n, = 9000rpm and a modulation
index of 1.2.
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Figure 7.14: Irpgp for different optimization criteria at n,, = 9000rpm and a modulation
index of 1.2.
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Chapter 8

Conclusion

The presented thesis demonstrates a way of minimizing the RMS current in the DC-
link of a two-level VSI by using optimized pulse patterns. Furthermore, an analytic
equation for the inverter current and the capacitor current are derived in depen-
dence on the switching angles of the power inverter. For the motor phase current
(1%,4?,1?) calculation the DC-link voltage was set constant. A further simplification
with hardly any impact is the neglected stator resistor of the PMSM.

The derived equations for 1. gus, i.(t) and i, (t) have a strong dependency on the
rotational angular motor speed. Considering this dependency an operating point
is defined by the combination of a motor rotational speed n,,, anisotropy factor A,
modulation index m and load voltage phase 6. The optimization process has to
be repeated for each operating point and the resulting optimized switching angles
are stored in look-up tables, in order to be able to use these angles during oper-
ation. Finally, for different operating points the correctness of the derived equa-
tions and the optimization algorithm itself are demonstrated with simulations in

Simulink/PLECS.
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Chapter 9
Outlook

In a future work the variable DC-link voltage should be considered for the motor
phase current calculation to achieve a higher accuracy. If possible, it would be of
great interest to eliminate the w,, dependency in the derived equations for I. ras,
ic(t) and i;,,(t). In this case the look-up tables can be reduced enormously and the
optimization procedure gets simplified as well.

Most important to mention is the improvement potential in the optimization pro-
cedure itself. Due to the lack of calculating power only two global minima areas
were searched in the whole 6y range for each operating point where m, A and w,,
were constant. And those with a relative rough step size of 0.1745 for the switching
angles. In a future work this step size can be reduced to locate the global minima of
an operational point more accurate. Additionally the optimization algorithm, which
searches the other local minima for the whole 6 range can be improved.
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