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Modeling and Control of Permanent-Magnet
Synchronous Generators Under Open-Switch
Converter Faults

Christoph M. Hackl

Abstract—The mathematical modeling of open-switch faults in
two-level machine-side converters and the fault-tolerant current
control of isotropic permanent-magnet synchronous generators are
discussed in this paper. The proposed converter model is generic
for any open-switch fault and independent of the operation mode of
the electrical machine. The proposed fault-tolerant current control
system gives improved control performance and reduced torque
ripple under open-switch faults by modifying the antiwindup strat-
egy, adapting the space-vector modulation scheme, and by injecting
additional reference currents. The theoretical derivations of model
and control are validated by comparative simulation and measure-
ment results.

Index Terms—Antiwindup (AW), current control, d-current
injection, fault tolerance, field-oriented control (FOC), flat-top
modulation, open-switch fault, permanent-magnet synchronous
generator (PMSG), wind turbine systems.
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Notation:  N,R: natural and real
(z1,...,2,)" € R": column vector, n € N where
and “:=" mean “transposed” and “is defined as.” I, :=
diag(1,...,1) € R"*": identity matrix. O, x, € R"*P: zero
matrix, n,p € N. & € R" (in X)": physical quantity & where
each of the n elements has SI unit X. mod (z,y): remain-
der of the division z/y, z € R, y € R\{0}. atan2: R? —
[—7,7), (x,y) — atan2(y,z): extension of the inverse tan-
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gent function to whole circle. T'. :=
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2 1 177 . . ..
3 [ :OA j;] : Clarke transformation matrix and its inverse.
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I. INTRODUCTION

PEN-SWITCH faults in converters for electric drives have
O gained increasing attention in the last years. An open-
switch fault can be caused by thermic cycling, driver failures, or
by a rupture of the insulated-gate bipolar transistor (IGBT) that
isinduced by a short-circuit fault [1]. Unlike a short-circuit fault,
an open-switch fault does usually not trigger a system shutdown,
but degrades the system performance and can cause—without
proper counteractions—secondary faults in other components
(see [2] and [3]). Open-switch faults are therefore a crucial kind
of faults in converters and should be considered in the design of
a robust and fault-tolerant (hence more reliable) electrical drive
system.

This far, especially, the detection of faults in the converter
and the identification of the faulty switch have been the focus
of research. Various detection methods have already been pre-
sented [1]-[9]. Therefore, fault detection is not the topic of this
paper.

The focus of this paper is on a fault-tolerant modification
of the control system such that, even in the presence of an
open-switch fault in the machine-side converter, a continuous
operation of the turbine is feasible. This is of particular interest
for offshore wind turbine systems, where maintenance is ex-
pensive and depends on the weather conditions (e.g., whether
ship can access the turbine or not). With a fault-tolerant con-
trol system (as proposed in this paper), the wind turbine can
still be used until regular maintenance is planned or weather
conditions are good. So, instead of having to shut down the gen-
erator and producing no electricity at all, the turbine can still be
operated and will contribute to energy production reducing the
financial loss. Without adequate fault-tolerant modifications, the
faulty converter will cause increased losses and large torque rip-
ples/oscillations, which will harm the mechanical components
and the generator of the wind turbine [10].

To analyze the impact of open-switch faults, a model of the
faulty converter has been proposed in [11]-[13]. The model de-
termines the phase voltages of the electric machine connected
to the faulty converter by using so-called pole voltages of the
converter. If there is an open-switch fault in one of the switching

0885-8993 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0001-5829-6818
https://orcid.org/0000-0002-8963-0417
https://orcid.org/0000-0002-1155-6544
mailto:christoph.hackl@hm.edu
mailto:urs.pecha@iew.uni-stuttgart.de
mailto:korbinian.schechner@tum.de

HACKL et al.: MODELING AND CONTROL OF PERMANENT-MAGNET SYNCHRONOUS GENERATORS

devices, a deviation in the pole voltage of the respective phase
occurs, which affects all three phase voltages. The pole voltages
are, however, a rather unintuitive quantity compared to, for ex-
ample, the switching state of the power electronic devices or the
phase voltages of the machine. Moreover, the use of pole volt-
ages in simulations makes the converter model unnecessarily
complicated.

To ensure a safe and uninterrupted operation of the electrical
drive, a fault-tolerant control strategy has to be implemented. In
[14]-[17], a modified space-vector modulation (SVM) is pro-
posed for two-level converters. These contributions adapt the
switching patterns and replace those space vectors that cannot
be applied due to the open-switch fault. However, these papers
do neither consider optimal phase shift angles between applied
voltage and current vector nor adapt their current controllers to
the postfault operation, although—as will be shown later—these
measures additionally and significantly improve the overall con-
trol performance.

For three-level converters using neutral-point clamped (NPC)
or T-type configurations, the redundancy in the switching states
can be used to compensate for the infeasible switching states
and to generate the desired voltage output nevertheless, see [4],
[6], [18], and [19]. In addition, Lee and Lee [19] propose to in-
ject an additional d-axis current to shift the phase angle between
reference voltage and current to 0° if an open-switch fault oc-
curs in one of the outer switches. This helps to avoid infeasible
switching states, and therefore reduces the current distortion in
the faulty phase of the generator. However, the use of redun-
dant switching vectors cannot be used for two-level converters,
since there is no sufficient redundancy in the available switching
states. The impact of an open-switch fault reduces the feasible
voltage area in the voltage hexagon of a two-level converter
significantly. Moreover, in [4], [6], [18], and [19], the current
control system and its impact on the control performance during
faults are not discussed in detail.

Freire [20] proposes to consider converters with open-switch
faults as three-switch three-phase rectifiers (all upper or lower
switches are assumed to be simply diodes). It investigates the
possible avoidance of infeasible zero switching vectors in SVM.
To achieve a minimal current distortion, a phase shift of 180°
between current and voltage vector is proposed. This phase
shift is achieved by injecting an appropriate d-current. Further
investigations in this paper will show that, for the considered
permanent-magnet synchronous generator (PMSG), 180° is not
the optimal phase shift angle to guarantee a minimal current dis-
tortion. Moreover, in [20], the impact of the open-switch fault
on the control performance of the current controller (such as
windup effects) is neither addressed nor tackled, and a generic
converter model covering open-switch faults, for example, sim-
ulation purposes is not provided.

Another possibility to ensure a continued operation of the
generator is the use of fault-tolerant converter configurations.
Different topologies and methods to control faulty converters
are described in [20]-[23]. For example, in case of open-switch
faults, a fourth inverter leg can be used, or the neutral point of the
machine can be connected to the midpoint of the dc bus. Both
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solutions can compensate for the loss of the phase with the faulty
switch. However, additional and costly hardware components or
reconfigurations are required in contrast to standard converter
configurations.

In this paper, a fault-tolerant current control system for
PMSG-based wind turbine systems is proposed where the
machine-side two-level converter exhibits open-switch faults.
The proposed control system does not require any hardware
modifications and is easy to implement, since the required exten-
sions to the standard control system are straightforward and non-
complex. Furthermore, a generic mathematical (phase) model of
the faulty converter is proposed. The model relies on the switch-
ing states of the upper (or lower) switches and determines the
phase voltages of the generator depending on the sign (direc-
tion) of the current in the faulty phase. Therefore, this model
can be implemented quickly and efficiently. It is simple and
easy to understand and allows very precise simulations, which
give almost identical results as the conducted experiments in the
laboratory. Based on this precise but simple model, the impacts
of the open-switch fault on the current control performance of a
standard field-oriented control (FOC) system are analyzed and a
fault-tolerant control system is proposed. The proposed control
system combines different modifications such as follows:

1) an improved antiwindup (AW) strategy;

2) a modified SVM;

3) an optimal d-axis current reference bringing the phase
angle between voltage and current in the generator to
an optimal value (which is neither 180° nor 0° for the
considered machine).

All modifications and their positive effects on the control per-
formance under open-switch faults are discussed in detail. The
effectiveness of the proposed modifications is finally illustrated
and validated by comparative simulation and measurement re-
sults. Concluding, with the proposed fault-tolerant approach,
a continuous operation of the wind turbine system is feasible
even in the faulty case while the performance degradation of the
electrical drive system is rather small. Torque ripples and losses
are all within an acceptable range.

II. MODELING

In this section, the models of PMSG and machine-side in-
verter/converter with open-switch faults are introduced. The
models are derived in the three-phase (a, b, ¢)-reference frame.

A. Model of PMSG

The three-phase stator voltages of an isotropic PMSG are
given by [24, Example 14.24]

b cabc be (zabe
ul" = Ra" + Sps"e(4", om) M
: abe . __ a b c\T (3 3
with stator voltage (vector) u?’¢ := (u?, u., uf)' (in V)°,
stator resistance R, (in (2), stator current (vector) i;"b“ =

(i¢, i, i¢)T (in A)?, and stator flux linkage (vector) "¢ :=

(Y2, b’ 4¢)T (in'V s)3. Note that the stator phase currents sum
up to zero (i.e., i + i’ +i¢ = 0) due to the star connection of
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grid-side DC
converter link

machine-side
converter

electrical
machine

the stator windings. The stator flux linkage

Ly Ly
Ls’m + LSYO- _ n2.1]] . 2,1]1
abe (rabe Lsm Ls m cabc
,lvbs (’Ls ’ (bnl) = ) LS.IIl + LS,O‘ ) Zs
Lgm Lsm
P D) Ls,m + Ls,(r
_.Labe

COS (np (¢m + ¢pm))
COS (np (¢1n + d)PHl) % )
cos (ny (ém + dpm) — % )

=it (Pu)

+ Ppm

2

depends on the inductance matrix L2 (in with stator
main inductance L ,, and stator leakage inductance L , (both
) stator currents z“ ¢ and permanent magnet (PM) flux

Vv
i

abe

hnkage vector 4y, with PM-flux linkage amplitude 1/;pm (in
V s), number n, of pole pairs, machine (mechanical) angle
Om = f W (7)dr (inrad), and (initial) angle ¢, (inrad) of the
PM. Inserting (2) into (1) yields the current dynamics combined
with the mechanical dynamics in the (a, b, ¢)-reference frame
(see Fig. 1) as follows:

it () = (L)1 | (t) — R (1)
sin (np (¢1n (t) + d)pm))
+ npwim (t)d;pm sin (np (¢m (t) + ¢Pm) - %ﬂ—)
sin (np (¢m (t) + ¢pm) - %77)
—egbe=—(es e ef)”
%wm (t) - é (mm ( nbc( ) ¢m (t)) + my (t))
%‘ﬁm (t) = wm(t)

3

with initial currents §2(0) = zf%‘

(in A)3, initial angular ve-
locity wy, (0) = wy o (in Iad) initial machine angle ¢, (0) =
®m.o (in rad), induced back electromotive force voltage vector
e’ = (e, el ef)T (in V)?, total inertia © (in kgm?) of the

drive train, machine torque m,,, and turbine torque m (both in
N-m). The machine torque m,, can be computed as follows [24,
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Example 14.24]:

1 1-v3 1+V3
FE)T 131 1-V3
1-v3 1+V3 1

) ¢m )

mMm (2 ( S

¢gbc (i(:bc ? (ZsHl )

) Z: sin (’I’Lp ((bm( ) + (bpm))
_npwpm Zlq) Sin (np (¢Hl (t) + ¢pm) - % ) N (4)
15 sin (np (¢ (1) + Ppm) — i )

Remark I1.1 (Field orientation): Aligning the synchro-
nously rotating (d, q)-reference frame with the PM-flux
linkage ie applying the Clarke and Park transforma-
tion zf =T, (¢) ' Tex®® with ¢, = [wy + ¢pm and
Wy, = Npwy to (3) and machine torque (4) yields the machine
dynamics

i) =1 [UQf(t) = Ryil () — wi (t) L Jil (1)

—wk (t)Ppm ’ )
-(2)

drem (1) = & (mn (8 (1)) +mu (1))
1w (1) = wa (1)

with initial values z]; (0) = T;l(qbk o)T sz%‘, wm (0) = w0,
and ¢y, (0) = ¢m o in the PM-flux linkage orientation (or, sim-
ply, field orientation; see, e.g., [24, Ch. 14] or [25, Sec. 3.2.2])
with stator voltages u* := (ul, u¢)" (in V)2 stator currents

zf = (i?, i7) (in A)2 stator 1nductance L LS7m + L,
(in ¥*) and flux linkage 9! := (42, v¢)" (1n V s)%, and the
machine torque

M (i) = $my (#) T TP = Snpdpmil. (©6)

B. Model of Converter

1) Model of Converter Without Faults: Fig. 1 shows a
back-to-back converter with PMSG. The output voltage
of the machine-side converter is the stator voltage, given

by [26]
2 -1
uabr(udusab(’) _ % -1 2

S S
—1

—1
—1 | sobe (7
-1 2

and depends in the fault-free case for a star-connected, sym-
metrical electrical machine only on the actual switching vec-
tor 82%¢ = (52, s, s¢)7 and the actual dc-link voltage wuq.
(in V). A “1” in the switching vector s2*° means that the up-
per switch is closed. A “0” represents a closed lower switch.
For example, a switching vector s° = (1, 1, 0)" yields the
closed switches S;, Sy, and S5 (S3 is open). Applying the
Clarke transformation to (7) allows to transform u‘;bc to
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.a %
ig <O0A: s Auj .
Uy 01,0, 5 Uip 00
/ U071 i0=0] _ 2ug
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Fig. 2.

Illustration of impact of open-switch fault in S; on (a) electrical equivalent circuit of machine-side converter and PMSG for s%°¢ = (1,1, 0)"

(for simplicity, the windings are shown as inductances) and (b) voltage hexagon with shifted shifted voltage vectors u? for i¢ = 0,i¢ > 0, and all possible s%°°.

the two-dimensional stator fixed («, 3)-reference frame as fol-
lows u] := (ug, uf)T = T u’°.

2) Model of Converter With One Open-Switch Fault: Atfirst,
the model is derived for an open-switch fault in S;. Afterward,
the generalization of the faulty converter model is presented.
Without loss of generality, the open-switch fault is assumed to
appear in switch S;. Hence, switch S7 is always open inde-
pendent of the switching vector s2°¢ of the converter. With this
fault present, the voltage u2*® does not solely depend on the
dc-link voltage uq. and the switching vector sgb"', but also on
the sign (direction) of the current ¢¢ in phase a. Fig. 2(a) il-
lustrates the different connection possibilities of the windings
of the electrical machine taking the sign of the current into ac-
count and whether the free-wheeling diode of \S; is conducting
or not (compare also with Fig. 1). The resulting (shifted) volt-
age hexagon for this case is shown in Fig. 2(b). The following
observations can be made.

1) For i = 0, the voltage vectors (see blue symbols) with a
“1” for S; are shifted by Auf g = —%udc in negative
a-direction [see, €.g., U]1q jo—( OF Ujn; ;o — In Fig. 2(b)].
Normal operation is not feasible.

For i > 0, the voltage vectors (see magenta symbols)
with a “1” for S| are shifted by Au, ., = —2uge in
negative a-direction [see, e.g., U 110, %0 > 0° or wjy; ;o
in Fig. 2(b)]. Normal operation is not feasible. )
For ¢ < 0, the voltage vectors (see green symbols) are
not shifted [see, €.g., Ujoq ja <o OF Uiyq ;0 < in Fig. 2(b)].
Normal operation is feasible. )

In Fig. 3, the feasible voltage areas in the voltage hexagon
and the feasible voltage vectors u] for open-switch faults in S
are shown depending on the direction of current ¢{. For i§ < 0,
the full voltage hexagon can be used. For i =0 or ¢ > 0,
the feasible areas in the voltage hexagon become smaller. Most
critical case occurs for 2 > 0, where only the sectors III and IV
are feasible. Combining the observations above, the converter
model (7) must be extended for an open-switch fault in .S}

2)

3)

Di§<0A
iC=0A

77788 >0A

_ 2uge

Fig. 3. Voltage hexagon with feasible sectors and voltage vectors under
open-switch fault in S} depending on current ¢ .

as follows:
ugbc:
Os.3, ifif <0A
-1 0 O
2 —1 ~1 L0 0], ifi?=0A
“% -1 2 =1+ -% 0 0- 3;"1’“
-1 -1 2 -2 0 0
1 0 0], ifi®>0A
1 0 0
=:S8g, (i)
3)

The switching matrix Sg,(i?) € R**3 exclusively models the
converter for an open-switch fault in S; and changes with the
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TABLE I
COMPLETE MODEL OF A FAULTY CONVERTER WITH SWITCHING MATRICES Sy

AND S, FOR FAULTY SWITCHES S, S3, S5, AND S1, S2, S35, RESPECTIVELY

b

Converter output phase voltage wl < = 2des v i) s;’bc for faults in the upper switches

y=Sy,z=a y =S,z =0> y =Sz, xz=c

2 -1 -1 2 -1 -1 2 -1 -1
Sy(i: < 0A) -1 2 —1 -1 2 -1 —1 2 —1
T -1 -1 2 -1 -1 2
1 -1 —1 2 ,% 1 o 1 ,%
s,6¥=0a) |-3 2 -1 -t 1 -1 2 -1
7% -1 2 —1 7% 2 -1 -1 1
0 -1 -1 2 0 -1 2 -1 0
S, (g > 0A) o 2 -1 -1 0 -1 -1 2 o0
: 0o -1 2 -1 0o 2 -1 -1 0
Converter output phase voltage u:bc = “—gQ s, (i5) E:bc for faults in the lower switches
z:gl,'t:a z:gz,m:b z:§3,1:c
0 1 1 -2 0 1 -2 1 0
S, (if <0A) 0o -2 1 10 1 1 -2 0
0o 1 —2 10 -2 1 10
1
2
5, (Y =o04) =
1

.—
ol
M)
(.
N
(RS N

H
(R
M
e
—_—
S
w
SR
M
ol
-
Y

—
g
N
= ey
N
(.
0
[l

N

direction of the phase current ¢5. Generalizing the observations
above to an arbitrary open-switch fault in one of the six switches
51,85, 85,81, Ss,and S, and introducing the negated switch-
ing vector

—abce

5.7 =15 — 52 where 13 := (1, 1, 1)" 9)

S

leads to different switching matrices S, (i7) and S (i7) with
x €{a,b,c}, yc€{Sy, Sy, Sz}, and z € {S;, Sy, S3}, re-
spectively. Finally, the switching matrices for all possible faults
in the six switches S}, S, S5, S1, So, and Sy and the respec-
tive phase current directions are collected in Table I (details are
omitted due to space limitations).

III. CURRENT CONTROL SYSTEM

Proportional-integral (PI) controllers and FOC are a common
choice for the current control system in electrical drives (see [25,
Sec. 3.2.2] or [27, Sec. 14.6]). In most cases, the PI controllers
are equipped with an AW strategy and cross-coupling feedfor-
ward compensation terms to compensate for the cross-coupling
between d- and g-currents. In this section, at first, standard
FOC is briefly revisited. Afterward, the crucial modifications to
improve the control performance under open-switch faults are
proposed. The impact of an open-switch fault on the standard
control system and the improvements achieved by the proposed
fault-tolerant control system are illustrated and analyzed in sim-
ulations (see Sections III-A5 and III-B, respectively). Finally,
the simulation results are validated by comparative measure-
ment results in Section I'V.

A. Standard Control System (FOC)

In Fig. 4, the block diagram of the standard control sys-
tem consisting of 1) PI controllers with AW, 2) cross-coupling
feedforward compensation, 3) reference voltage saturation, and
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Saturation

e

+Anti-windup dec.
1 funct. (11). (12)

Anti-windup

Fig.4. Standard control system (FOC): PI controllers with AW, cross-coupling
feedforward compensation, and reference voltage saturation.

4) modulation is depicted. In the following sections, each block
will be explained briefly.

1) PI Controllers With AW: The PI controllers weight and
integrate the current control error

d -d .d
k L e‘is (t) L g ref (t) — (t)
“O0=\aw) \am-nn)

defined as the difference between reference currents (com-
ing, e.g., from outer control loops) and the actual currents.
Output w! py = (ulp, ul )" and dynamics of integrator
& = (&, €1)7 of the PI controllers with AW decision func-

tion fuy (+) are as follows:

d
K0 k0

whp) = | 0 @+ |6 o
P i

%55 (t) = faw (ﬁs‘rcf(t)) ' 6111 (t)a Ef (0) =0,

with proportional and integral controller gains k:g and £ and

an

k¢ and K{, respectively. For example, a model-based tuning is
according to the magnitude optimum (see, e.g., [26]), which
leads to the following controller gains kg =kl = % and
ki = k! = %, where fs,, (in Hz) is switching frequency of
the converter/inverter. Any other reasonable tuning rule might

also be applicable. The AW decision function

e ~ /
1 5 lfus,rcf S Umax (Udca 0 )

faw (ﬁ/s,ref) = (12)

0 ,else

enables or disables integration of the integral control ac-
tion (i.e., conditional integration, for more details see [24,
Sec. 10.4.1]), if the applied reference voltage vector amplitude
U rer (in V), defined by

Us yef 1= \/(u;fl,ef)Q + (uzref)2 where u:_’mf = 3

= TP (st?) (uf,PI - uélcomp)
—_— ——

gk
T iU et
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exceeds the maximally available voltage amplitude iy, (in V),
given by

32
sin(0")+v3cos(0’) 3 Ude <
—_— —

V3

T =Sl

’&max (udcy 9/) = %udc

where ¢’ := mod ( atan2(uiref, uof), 5) €0, %)

=:0
(14)

within the full (fault-free) voltage hexagon [see Fig. 2(b)].
The maximally available amplitude ,,,x of the converter de-
pends on the voltage reference angle (in “°”) and the dc-link
voltage. Note that 4., varies inside the voltage hexagon.
It is larger for # = 0° or § = 60° (maximum voltage ampli-
tude U ax (tdc,0) = %udc) than for § = 30° (minimum voltage
amplitude Uy, qx (Uge, 7/6) = %udc). Invoking trigonometric
identities leads to the expression of 4, .« in (14) by only con-
sidering the first sector of the voltage hexagon, i.e., § =6’ €
[0°,60°). Note that, in the first sector, 8’ coincides with 6. Then,
by using the auxiliary phase angle ¢’ as defined in (14), the gen-
eralized formula for the available amplitude 1, is obtained
for all other sectors of the voltage hexagon.

2) Cross-Coupling Feedforward Compensation: The com-
pensation of cross-coupling terms in the current dynamics (5) is
realized by the following feedforward control action:

k ug.comp (t)
us,(:onlp (t) =
ug,comp (t)

, . 0
i= —wi (1) L JiF (t) — wi () Ypm <1>

_ ( W (t)Lsig(t) . > (15)
—wp (1) Li® (t) — wi () Ypm

which (at least in steady state) cancels out the influence of the
g-terms on the d-current dynamics and vice versa (see (5) in
Section I1-A).

3) Reference Voltage Saturation: To avoid undesirable and
infeasible output voltages of the converter by applying physi-
cally infeasible voltage reference vectors, the computed refer-
ence voltage vector uf . as in (13) is saturated if necessary as
follows: '

S

'u’:s,ref (t) > ifﬁs,rcf(t) § ﬁmax (t)

u:,rcf,sat (t) =9 . COS (9(t))
Umax (t> ( sin (G(t)) ) 5 else.

(16)

Note that the reference voltage saturation does only alter the
length of the voltage vector not its direction.

4) Space-Vector Modulation: To generate the switching se-
quence and, in particular, the switching vector s2*° based on
the saturated reference voltage u; ¢ .,;» a symmetrical SVM
is used in this paper (see [25, Sec. 2.4.1] or [27, Ch. 14]). The
boundary (adjacent) space vectors of the respective sector and,

2971

Extended anti-windup
decision function ]

Fig. 5. Fault-tolerant control system (modified FOC; changes in blue) for an
open-switch fault in S7 (phase a): PI controllers with improved AW, cross-
coupling feedforward compensation, and reference voltage saturation.

usually, both zero vectors wggo and w414 are applied to approx-
imate the reference voltage vector ug ., .., over one switching
period Ty, = 1/ fsw (in s). To do s0, Tiy is divided into three
time intervals: 77 for the first nonzero vector, 75 for the second
nonzero vector, and T, for the zero vectors such that 77 + 15 +
Ty = Ty [see Figs. 2(b) and 6(a)]. If the voltage reference
vector is not saturated [see Section III-A3], this will lead—
depending on the implementation of the SVM—e.g., to a nega-
tive time for 7j, which will cause strange behavior of the SVM.

5) Control Performance of Standard Control System Under
an Open-Switch Fault in S, (Phase a): To have a measure to
evaluate the control performance of the standard and the fault-
tolerant control systems, the total harmonic distortion (THD) is
used. The THD;. (in %) of, e.g., the phase current i can be
computed as follows [28]:

THD.. = Y2a2Ui)”

>0

a7)

where I{ and I (both in A) are the root-mean-square (rms)
values' of the fundamental and the n-th harmonic current com-
ponent, respectively. Fig. 10(a) shows the control performance
of the standard control system [as in Fig. 4] under an open-
switch fault in .S; (phase a). The upper subplot illustrates ref-
erence (i;{ref and 4/ ;) and actual currents (i¢ and i?) in the
(d, q)-reference frame, whereas the lower subplot shows the
phase currents ¢, i, and i over time. It can be clearly seen that
the current ¢ of phase a is sinusoidal for the negative half-wave,
but nonsinusoidal (close to zero) for the positive half-wave. This
deviation leads to nonconstant (as usually expected) currents ¢
and 7, which significantly differ from their respective reference
values i¢ . and il .o for (almost) all time. The current i¢ tends
to zero during the nonexisting positive half-wave of 7{. More-
over, even for the negative (correct) half-wave of ¢, the current

1Z is not capable of tracking its reference ig‘ref. In particular, the

!The rms value is defined by I := 4/ & fttsr i(7)2dr with fundamental

period T = 1/ f of the current i(-).
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nonconstant and nonlinearly oscillating evolution of 4 leads to
noticeable torque ripples. The nonzero current i does not con-
tribute to the torque [recall (6)] but increases copper losses in
the machine. In conclusion, the standard control system perfor-
mance is not acceptable and must be improved to allow for a
safe and uninterrupted operation of the wind turbine system.

B. Proposed Fault-Tolerant Control System (Modified FOC)

As illustrated in Fig. 10(a), the standard control system per-
formance is poor and not acceptable when an open-swich fault
is present. Without altering the hardware or the principle con-
trol system, three (software) modifications are proposed to im-
prove the control performance of the wind turbine system under
open-switch faults in one phase. The three modifications are as
follows:

1) extension of the AW strategy;

2) modification of the SVM;

3) torque ripple minimization by injecting an optimal

d-current.

Each modification is explained in detail and its positive effect
on the control performance of the fault-tolerant control system is
illustrated by simulation results. Later, in Section IV, these mod-
ifications are implemented on a laboratory test bench and their
effectiveness is validated by measurements. The block diagram
of the improved and fault-tolerant control system is depicted in
Fig. 5. The modifications are highlighted in blue.

1) Extension of AW Strategy: To improve the control perfor-
mance under faults, in a first step, the AW strategy (12) of the
PI current controllers (11) is modified. The overshoots in the
g-current during the open-switch fault in S} [recall Fig. 10(a)]
are—at least partly—due to windup of the integral control action
of the PI controllers during the positive (almost zero) half-wave
of ¢. To avoid this windup, an additional condition consider-
ing the current direction (see Fig. 5) must be introduced, which
leads to the extended AW decision function

e N /
1 5 lfus,ref S Umax (udCa 0 )

Fr (g rer, i) = and % < fpy <0 (18)

0 ,else

for open-switch faults in S (phase a), which replaces fu (+)
in (11). The constant 2,,, < 0 (in A) represents the maximally
admissible AW current and should be chosen negative? to ac-
count for the chattering of the phase current ¢ around zero
[recall Fig. 10(a)]. Note that, for any other faulty phase with
open-switch fault in Sy (or S3), the respective phase current
direction of zlg (or ¢$) must be considered in (18) instead of <.
In Fig. 10(b), the improved control system performance due
to the extended AW strategy (18) is shown. The abc-currents
(lower subplot) do not alter much (almost no improvement is
visible) and the THD reduces slightly to THD;. = 41.4 %. But
the tracking performance of the currents i¢ and, in particular,

2In Section IV, the threshold 7, = —1 A was chosen, which corresponds to
approximately 2% of the nominal machine current [see Table II]. Clearly, this
threshold depends on and has to be adjusted for the considered electrical drive
system with respect to, e.g., measurement noise, sensor precision, and switching
frequency of the converter.
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1d is improved substantially. During the positive (almost zero)
half-wave of 42, both currents still do not perfectly track their
references; but during the negative half-wave of ¢, both cur-
rents are capable of (almost) asymptotic reference tracking. Es-
pecially, the current ripple in the g-current is drastically reduced
during the negative half-wave of ¢¢.

2) Modification of SVM (Flat-Top Modulation): The second
step to improve the control performance during open-switch
faults is the modification of the SVM. Note that any open-
switch fault in one of the upper switches (i.e., S1, So, or S3)
leads to a shifted zero vector uj,, [for i > 0, see Fig. 2(b)];
whereas any open-switch fault in one of the lower switches
(i.e., S1, Sa, or S3) shifts the other zero vector ug,,. Hence,
one of the zero vectors is not zero any more. Then, using flat-
top modulation allows to use only the nonshifted zero vector
(see [27, Ch. 14.6] and [29]). For example, for an open-switch
fault in S, Sa, or S3, only the zero vector ug,, is applied [see
Fig. 6(b)]. For faults in Sy, S3, or Sy, only the zero vector
uj,; is used. In Fig. 10(c), the positive effect of the flat-top
modulation on the control performance and the THD of 4§ is
illustrated. The upper subplots show the d- and g-currents and
their references, whereas the lower subplot depicts the abe-
currents for the modified control system with extended AW
and modified SVM. Clearly, the intervals where ¢ ~ 0 A are
significantly shorter. Moreover, positive and almost sinusoidal
¢ currents are feasible again due to the modified SVM. So,
the THD value is drastically reduced to THD;. = 19.5% and
the tracking control performances of the currents i? and ¢ are
improved as well.

Remark I11.1 (Small zero time): If the time Ty of the zero
vector is very small (i.e., the zero vector is applied only for
a very short period of time), the proposed modification of the
SVM only has a minor impact on the control performance, as
the shifted zero vector is almost not used.

3) Injection of Optimal d-Current: The last improvement
is to inject an optimal (additional) d-current to minimize the
THD of the faulty phase even further. In the following, an
open-switch fault in .S; is considered. For other open-switch
faults, the modifications are straight forward. As discussed in
Section II-B2, for a fault in S} and ¢ > 0, the output voltages
that can be provided by the faulty converter are limited. For
example, ¢f > 0, only voltage vectors from the sectors III and
IV are feasible [see Fig. 3]. The principle idea of the optimal
d-current injection is to generate auxiliary reference voltage
vectors within those two feasible sectors as long as possible.
The goal is to determine an optimal phase shift o (in rad or °)
between stator current ¢; and reference voltage u} ;.

To illustrate the idea, in Fig. 7, the phase shifts wo = 150°
and ¢y = 210° are shown for two time instants ¢y and ¢; where
1. (to) and ¢; (1) are located on the negative and positive 3-axis,
respectively. Note that, if the phase current ¢ is nonnegative, the
stator current space vector . is located in the right half-plane
[see Fig. 7]. More precisely, at ty with i%(t) = 0 (3¢ becomes
positive thereafter), ¢ lies on the negative 3-axis; whereas, at ¢;
with i (t1) = 0 (i becomes negative afterward), 4. is aligned
with the positive (-axis. Clearly, within the interval [tg, ],
the current moves by 180° and, optimally, the corresponding
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Fig. 7.  Stator current vector ¢ and voltage reference vector u’

stator voltage reference space vector u; ., should be within the
sectors III and IV as long as possible in order to apply feasible
and correct voltages to the generator. However, as these two
sectors represent only span over 120°, it is not possible to apply
the correct voltages during the whole nonnegative half-wave of
¢ during an open-switch fault in S} . During the remaining 60°,
incorrect voltages will be applied by the faulty converter, which
affect the shape of the currents and cause deviations from the
desired sinusoidal waveform.

Depending on the phase shift ¢y between stator current and
reference voltage, different parts of the nonnegative half-wave of
1¢ are affected by the fault. For ¢y = 150° [see Fig. 7(a)], u?

s,ref

SIS SIS
SIS
H/////////

uz,ref(tl)

(b)

¢ attime ¢o and ¢; for (a) ¢ = 150° and (b) pp = 210°.

starts in sector I at time ¢ . So, for the first 60° of the current half-
wave, incorrect voltages are applied to the generator. As soon
as u; ¢ enters sector III, the correct voltages can be provided
(even) by the faulty converter. When u? . 18 in the sectors III
and IV, the correct voltages give rise to a sinusoidal current. For
wo = 210° [see Fig. 7(b)], the behavior is flipped: At time t;,
u; ¢ starts already in the feasible sector III and, hence, during
the first 120° of the nonnegative current half-wave, the correct
voltages are applied. But, as soon as ug . enters sector V,
incorrect voltages are generated by the converter for the rest
of the half-wave until time ¢;. Concluding, in order to fully
benefit from the two feasible voltage sectors III and IV, where
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the correct voltages can be generated for 7§ > 0, the phase shift
must be within the interval ¢y € [150°,210°]. The observations
above are also validated by the simulation results presented
in Fig. 8: For ¢y = 150° [see Fig. 8(a)], during the first 60°,
the phase current i{ jitters around zero. In contrast to the last
120°, where the desired sinusoidal characteristic is achieved.
For ¢y = 210° [see Fig. 8(b)], the phase current ¢{ exhibits a
sinusoidal characteristic during the first 120°, whereas, for the
last 60°, it is deteriorated.

Remark 111.2 (Motor mode): For a converter outputting
power—e.g., for PMSGs in motor mode or for grid-side inverters
in wind turbine systems, solely phase shifts of ¢y € (—90°,90°)
are feasible. Hence, it is not possible to benefit from the
sectors III and IV.

The phase shift ¢y can be altered by the injection of a d-
current, which also changes the ratio between active power p
(in W) and reactive power q (in var), since (see, e.g., [26])
4TiE and q = 3T,

19)
Moreover, note that, due to (6), zf can be chosen independently
of the desired torque. In order to derive an analytical expression
for the reference current i‘si’ref of the to-be-injected current zf
the following assumption is imposed.

Assumption (A.1): The copper losses in the PMSG are neg-
ligible and its current dynamics are in steady state, i.e.,

q = ptan(pg) where p=3(u

Ry~0Q and i =0,. (20)

k

S

result into (19) gives npwy {Ls(igj)z + L (i8)% 4 thpmi?

Solving (5) (in steady state) for w. and inserting the

= |Rs(i%)? + Ry(i1)% + npwmﬁpmig} tan(pg) which is a

second-order polynomial in i¢. Its root with the smaller

amplitude is used as d-current reference,’ i.e.,

NpWm 1/)p m

2 (npwm Ls—R, tan(soo))

ig,ref (Zg) =

+ (npwmugpm)z - (Zg)z + npwmlz'pm id tan(po)
4 (npwm Ls—Rs tan(g)t))) (Tlpwm L¢—R tan(pg ))

R (S — 002+ S f (). @D
Hence, for large machines with Ry ~ 0, the reference current
i¢ ..; depends on the machine parameters L, and 1/A)pm, the cur-
rent 1d (or its reference ig‘rcf), and the desired phase angle .
There exists an optimal value for ¢y to minimize the THD of the
phase current 7 . For the considered machine, the optimal value

‘ ©0,0pt = Yo = 197° |was found by iterative simulations: These

results are depicted in Fig. 9(a). Clearly, for other machines,
the optimal value might be different.

Finally, in Fig. 10(d), the simulation results for the over-
all fault-tolerant control system with extended AW, modified
SVM (flat-top modulation), and optimally injected d-current
are shown. The upper subplot depicts the currents i% and 79 and
their reference values, whereas the lower subplot illustrates the
shape of the abc-currents. The THD value for this scenario is
THD;. = 9.4 %, which is clearly the lowest compared to the
other simulation results in Fig. 10(a)—(c). Moreover, the refer-
ence tracking capability, in particular, of ¢¢ is the best, which
implies that the torque ripples* are also minimized [recall (6)]
leading to less stress on the mechanical drive train. In Fig. 9(b),
the tracking of the optimal phase angle g, = 197° by the

3The solution with — in front of the root would lead to a higher current
magnitude.

4Note that if the produced generator torque in wind turbine systems does
not equal its reference value, wind turbine efficiency and power production are
reduced [30].
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Fig. 11. Laboratory test bench with dSPACE real-time system (A), voltage-
source inverters (B1) and (B2) connected back to back, host-PC (C), reluctance
synchronous machine (RSM) (D1) and permanent-magnet synchronous ma-
chine (PMSM) (D2), and torque sensor (E).

actual phase angle  is shown. Due to the remaining time peri-
ods, where the correct voltage vector cannot be applied and the
phase current is close to zero, the optimal phase angle cannot
be achieved for all time.

Remark I11.3 (Possible limitation of the d-current injection
in wind turbine systems): Due to the current rating/limitation
of the machine-side converter, the additional injection of a
d-current might not be feasible up to the rated torque of
the isotropic generator in wind turbine systems. Only cur-
rent vector magnitudes smaller than a maximum value %max >

(19)2 + (id)? (in A) are admissible. Hence, not all currents
¢ can be realized to obtain a desired machine torque my, ~ #J
[recall (6)]. Therefore, the uninterrupted operation of the wind
turbine system under open-switch faults might not be possible
for all wind speeds unless the pitch control system is incorpo-
rated into the fault-tolerant control system. The turbine torque
(proportional to the wind speed and the pitch angle) must be de-
creased by changing the pitch angle such that the current rating
of the machine-side converter is not exceeded (for details see
[26] and [31, Ch. 8]).

Remark I11.4 (Validity of results for faults in other switches):
Since the voltage hexagon is symmetric, the optimal phase angle
o = 197° (for this particular machine) is identical for an open-
switch fault in any other switch. For a fault in, e.g., S and zf >
0 A, only voltage vectors within the sectors V and VI are feasible
(instead of sectors III and IV for a fault in S;). Therefore, the
feasible sectors are obtained by a simple rotation by 120° [see
Fig. 7]. Concluding, all conclusions made for S; do also hold for
open-switch faults in the other switches simply by considering
the respective (rotated) feasible sectors.

IV. IMPLEMENTATION AND EXPERIMENTAL VERIFICATION

In this section, implementation, experimental validation, and
comparison of simulation and measurement results are dis-
cussed. Three laboratory experiments are conducted to state
the following:

(E,) validate the accuracy of the proposed model (8) of the con-
verter with open-switch fault (in S} ) against a real electrical
drive system with open-switch fault;
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Implementation of control system in Matlab/Simulink and dSpace real-time system

with anti-windup

(see Fig. 4 & Fig. 5) s (Uac, 0)
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Fig. 12.  Block diagram of the implementation of SVM, converter with open-
switch fault in S;, PMSG and current control system in MATLAB/Simulink and
on the dSPACE real-time system.

TABLE I
SIMULATION AND MEASUREMENT DATA

Description Symbol Value and unit
Simulation parameters
ODE-Solver Runge-Kutta (ode4)
sampling time h lus
Converter
DC-link voltage Uge 565V
switching frequency Jsw 8 kHz
Permanent-magnet synchronous machine (generator, isotropic)
stator resistance R, 0.11Q2
stator inductance Ly 3.35mH
PM-flux linkage Vpm 0.377Vs
pole pair number Ny 3
machine inertia Opnsa 163-107* kg m?

Reluctance synchronous machine (anisotropic)

stator resistance R, 0.4
stator inductances Lg # L1 nonlinear (see [33, Fig. 2])
pole pair number s 2

machine inertia Orsm 189 - 10~ * kg m?

Current control system of PMSG

PI controller gains k:g =ky 8.93 ¥
k' = k! 293.3 L
max. AW current Taw —1A

(E») verify the effectiveness of the proposed modifications (such
as extension of the AW strategy, flat-top modulation, and
injection of an optimal d-current) on the generator control
performance and to compare simulation and experimental
results;

(E3) illustrate the impact of an occurring open-switch fault (after
a fault-free interval) and then, step-by-step, the positive effect
of each proposed modification on the control performance of
the laboratory system.

A. Experimental Setup and Implementation

The measurements were conducted on a 10-kW laboratory
test bench, as depicted in Fig. 11. The anisotropic RSM is speed
controlled (with underlying nonlinear current controllers [32]).
The isotropic PMSM is used as generator and current controlled
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Comparison of simulation and measurement results for standard control system and fault-tolerant control system with extended AW, modified
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system: THDig = 41.8 % (simulation) versus THDig meas = 45.4 % (measurement). (b) Experiment (E3 ): Comparison of simulation and measurement results
for fault-tolerant control system: THD;o = 9.4 % (simulation) versus THDjg¢ meas = 10.6 % (measurement).

as described in the previous sections. Both drives are controlled
by a dSPACE real-time system, which applies the switching
signals (switching vectors) to the respective inverter/converter.
Both converters are connected back to back. The PMSG con-
verter is modified such that each upper and lower switch
can be addressed individually and allows to emulate open-
switch faults. For all experiments, without loss of generality,
open-switch faults in S; (phase a) were considered, simulated,
and emulated.

The implementation for simulations and measurements
was performed using MATLAB/Simulink. In Fig. 12, the
block diagram of the implementation is shown. The param-
eters of the laboratory setup are listed in Table II (where
© = Orsm + Opmsa) and coincide with those used for the
simulations. Note that the measured currents were filtered (by
an analog filter in the converter) and, then, sampled with the
switching frequency, whereas the simulated currents were not
filtered.

B. Discussion of Experiments

1) Experiment (Ei): The simulation and measurement
scenario of this experiment is as follows: The PMSG-side
converter emulates an open-switch fault in S; and the standard
control system (as described in Section III-A) was implemented.
Simulation and measurement results of Experiment (E;) are
shown in Fig. 13(a). The measured quantities are labeled with

the additional subscript “meas.” Obviously, simulation and
measurement results match very closely. Hence, the proposed
mathematical model (8) is valid and allows to simulate the
behavior of the real system precisely. Note that, due to the
smaller power rating of the RSM, the speed controller for the
RSM is not capable to compensate for the large torque/current
ripples induced by the faulty PMSG converter.

2) Experiment (E;): For this experiment, again an open-
switch fault in S} (phase a of the PMSG) is emulated; but this
time, the fault-tolerant control system (extended FOC, as pro-
posed in Section III-B) with extended AW, flat-top modulation,
and optimal i¢-injection (with ¢y = 197°) is implemented for
simulation and measurement. Fig. 13(b) shows the comparative
simulation and measurement results. Again, simulation and
measurement results match very closely. Moreover, also the
THD values THD;. =9.4% and THDjo yeas = 10.6 % are
almost identical. In conclusion, the proposed modifications are
also effective in real world and the outcomes of the theoretical
and simulative analysis in Section III-B are confirmed.

3) Experiment (E3): For the last experiment, the measure-
ment scenario comprises a sequence of events [see Fig. 14] as
follows:

1. time interval: standard control system (without open-

switch fault/fault-free case);

2. time interval: standard control system under open-switch

fault in S ;
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Fig. 14. Experiment (E3): Measurement results for current control system
during five different scenarios. 1) Fault-free case. 2) Open-switch fault in Sy .
3) With extended AW. 4) Additionally with flat-top modulation. 5) Additionally
with optimal d-current injection.

3. time interval: standard control system with extended AW
under open-switch fault in S

4. time interval: standard control system with extended AW
and flat-top modulation under open-switch fault in .Sy ;

5. time interval: fault-tolerant control system with extended
AW, flat-top modulation, and optimal d-current injection
under open-switch fault in S .

V. CONCLUSION

In this paper, a generic mathematical model of a two-level
converter with open-switch faults has been derived. The out-
put voltages of the faulty converter can be computed based on
switching vector, dc-link voltage, and sign of the current in the
phase with the open-switch fault. The model holds for faults
in each of the six switches. In the next step, the impact of an
open-switch fault on the current control system of isotropic
PMSGs has been investigated. If the faulty switch is known and
the corresponding diode is still working properly, three easy-to-
implement extensions to the control system have been proposed
to improve fault tolerance and control performance under faults.
The three modifications reduce the THD of the faulty phase cur-
rent, the torque ripples and, therefore, the stress on the mechan-
ical drive train. Moreover, a safe and uninterrupted operation
of the generator can be guaranteed. The proposed modifications
are as follows:

1) extension of the AW strategy in the current PI controllers;

2) modification of the SVM (flat-top modulation);

3) injection of optimal d-currents.
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All modifications have been explicitly illustrated and imple-
mented for an open-switch fault in phase a; however, the generic
model and the provided descriptions allow to implement the
modifications for any other open-switch fault in the converter.
Finally, comparative simulation and measurement results illus-
trate and validate 1) the accuracy of the proposed model of the
faulty converter and 2) the effectiveness and functionality of the
proposed modifications on a laboratory test bench.
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