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CORRECTION OF SWITCHING DEAD TIMES IN PUM INVERTER DRIVES
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Abstract. The paper describes the correc-
tion of the switching dead times avoidimg
a bridge leg short circuit in pulse width
modulated voltage sorce inverters., The co
consequences on AC variable speed drives
with synchronous and asynchronous motors
are described by harmonic analysis and by
computer simulation,

INTRODUCTION

Pulsewidth modulated (PWM) voltage source in-
verters {VSI) for 3-phase load are wide spread
feeding standard variable speed or high dyna-
mic controlled asynchronous or synchronous mo-
tors. The current control strategies of VSI
can be devided into two categories: 1) Toler-
ance band controllers {"bang-bang"” control-
lers) with variable pulse frequency for direct
control of the load currenta, 2) PWM control-
lers with fixed pulse frequency for control-
ling the 1load currents through the average
load voltage, The effects of the nonideal pow-
er switching elements on VSI drives controlled
by the second strategy 3is subject of this pa-
per. Central topic is the switching dead time
Tq ("anti overlesp time") where both power
switches of a bridge leg are turned off
avoiding a short circuit of the voltage source
during commutation (Fig. 1}.

With increasing pulse frequencies the switch-
ing dead time takes an increasing part of the
pulse period T and thus destores the average
load voltage more and more seriously. Basing
on this origin there are several consequences
on the steady state behaviour of PWM con-
trolled VSI drives:

1) The fundamental amplitudes of load voltages
and currents as well &s the mean value of mo-
tor torque become dependend on the switching
dead time and on the operation point - mainly
decreasing the magnitudes at motor operation
and increasing them at generator operation
(131, (71, (111, (13N,

2) Low order harmonics come up in load volta-
ges and currents and cause a torque ripple
with the orders 6n, n=1,2,.. {{7},{10}-{13]).
3) Discontinuous load currents at each zero
crossing can occur at low modulation ratios
({71, (11), [13)).

4) Subharmonic oszillations of the entire
drive system come up at certain system parame-
ters and operation points (([1]-(6), (13)}).

§) All the mentioned effects increase with in-
creasing relative switching dead time T4/T and
with decreasing modulation ratios a.

6) If there are superior contrel loops for
current, torque or speed, the mentioned ef-
fects are disturbances within these loops and
get controlled more or less.

Referring to a J~phase PWM irverter drive at
steady state operation we can take Fig. 1 as a
model to define the switching dead time. There
are three symmetrical sine wave generators
with the fundamental frequency w , the mo-
dulation ratio a4, the control signals Yca/b/e
(reference signals) and a triangle cartier
signal with the period time T. In order to
avoid a short circuit of the source voltage U,
during commutation the turn ON edges are de-
layed by the conatant turn on delay time Ty...
while the turn OFF ddges get directly to tRe
power switches., To define the switching dead
time T4, the following simplifications are as-
sumed:

1} The voltage drops of the power switches and
of the free wheeling diodes are neglected.

2} The minimum ON/OFF times of the driving or
protection circuits are neglected.

3) The additional parasitic turn ON/GCFF delay
times T and T'y,¢¢ 8re constant,

4) The commutation occurs apruptly.

According to [7] the switching dead time Tyg is
defined as the time while both power switches
are turned OFF and conduct no current (Eq. 1},
In this paper the referred value vy is also
called switching dead time.

Ta = Tdon * T'don = T'doff (1a)
tg = Tg/T {1b)
ANALYSIS FOR CONTINUOUS LOAD CURRENTS

Considering the steady satate behaviour of the
PWM inverter at symmetrical load we can regard
only one of the three machine phases since the
others operate equal with the exeption of a
+/-120° phase shift. In this chapter the ef-
fects of the pulse frequency on motor currents
and torque (harmonics) are not considered. The
remaining fundamental and lower harmonics are
considered in the so called "average" values.
During T, the load current of a bridge leg
finds a way through one of the two free wheel-
ing diodes and so its polarity decides whether
a small voltage pulse of UgTa is added or sub-
tracted from the referred !deal average output
voltage U, (t} (Eq. 2a) (7). With the transfor-
mation from the inverter output to the machine
phases (Eq. 2b) we get the average load vol-
tage up,(t), normalized on its maximum funda-
mental amplitude 0.5Uy (Eq. 2c). Assuming
symmetrical load impedance and defining the
time origin with Eq. 2d, we get the ideal part
and the voltage change duy,(t) of the average
load voltage uy,(t) according to Eq. 2e by a
harmonic analysis. The angle ¢ is the electri-
cal angle between load voltage and load cur-
rent. Fig. 2 shows the average voltage change
dupa(t),
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fundementgels

Adding the time vectors of the ideal part and
of the fundamental voltage changs (Fig. 3} we
get the fundamental losd voltage Upeyit) ac-
cording to Eq. 3a,b with the angle 3 betwean
the idesal and the changed load voltage |{Eq.
3¢).” Xts amplitude is shown in Fig. 4. In
steady state operation current, torque and
speed of synchronous and asynchronous mschines

react in the well known ways on the changed -

fundanental amplitudes of their stator voltage
4t constant stator frequency.

The fundamental amplitude stays constant for
angles ¢y, (Eq. d4a, Fig. 5. To the direction
of generator (motor) oparation the fundamental
;Tpligrdc gets increased {(decreased) (Eq. &b,

g. .

If the modulation ratio o is smaller than the
fundamental amplitude of the voltage change
8vq/n, the complex time vectors of ths voltage
fundamentals exist only for angles ¢ greater
than a minimum gpypn (EQ. 5). The minimum ey,
ouecurs at pw9oe ??1q. 7). The angles ¢y in
can of course occure in real operation and in-
dicate the occurance of discontinuous load
currents at each zeroc crossing {(Fig. 8), be-
cause in that cases an additional voltage
change depending on the “load counter voltage”
is rdded to the 1oad voltsge, #0 the time vec-
tor diagrsm allows angles *enin.

upapit) sin{y-$}
—— a sin{wt+f} for ¢s0
9.5 U' sing # M

dg(t) Mag(t]
ot 0.5(1 ... .) - rasgnii (e)] (2a)
Uy Yemax

upa(ts = 273 u,tt) = 173 lupit) + uctel}  (2b)

Gpaft)  ug,te)y 2
— - =ra(28gni,-sgnip~sgni ) (2¢)

0.5 Uy Vepax
ucalt)
——— m a sinut (24)
Yemax
3] Brg 2
— 0§ B LM - — =~ sin{viut+fi-9}] (2e}
0.5 U, » v
u {z) 8¢
L2 BRI (1 - —d)umunp) for ¢=0 (3b)
0.5 Uy e n
B‘(d
with g = arcsin( — sing ) tic)
¢ n

The harmonics here concerned come exclusively
through the switching dead time T4 and are
based on the load voltage change (Eg. 2e). Eq.
6a,b for n = 1,2,3,..,. resume th? load voltage
harmonics u nh(t) and the dependences of the
harmonic améﬁxtudes Upa,-

The resulting current Rnrnonic- {EQ. 7a.,b) can
be calculated by considering only the electro-
magnetic part of the machine assuming the fol-
lowing aproximations:

1) The inertia of the machine is so high that
the motor speed does not react on the torgue
ripple coming through the curreat harmenics.

2) The smoothing effect of an eventual exist-
ing superior current control loop on the har-
monics is neglected.

3) The resistive part of the machine can be
neglegted compared with the reactive part for
the considered harmonics. The single phase
equivalent circuit of the machines are approx-
imated by a single inductance L.

In the synchronous machine with salient type
rotor the voltage harmonices see the direct
axis reactance and the quadrature axis react-
ance alternating with the harmonic frequency
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vw. An analytical calculation of the current
harmonics would need to assume a timevarjant
machine inductance L.

Up gy () LA 1
L LA B T sin(vlwtef-gl ] (6a)
0.5 U, n oty
yeéntl
T4
by, ~ 2 v=6ntl (6D}
v
L1.n(t) 8y 1 b U
ol R - S — coslviut+p-y}] (78}
0.5 U, RN S
vaénzl
. T ‘
i, ~ vebntl  (7b)
wyd
Torque ripple

Synchronous machine. The torque rvipple here
considered comes only through the harmonics of
the statoy currents (Eq. 7a,b) together with
the fundamental of the field excitation at
constant load angle & (Eq. 8a). Based on the
airgap power {Eq. 8b) the torque ripple m, is
calculated by Eq. 8c. Eq. 84 resumes the de~
pendences of the harmonic amplitudes n .

The current harmonics with the orders wy=én-~1
build a field wave with the opposite phase se~
quencs as the excitation fisld and so make a
torque ripple with the orders n=6n. On the
other hand the current harmonics with the or-
ders v=6n+l build a field wave with the same
phase ssquence as the excitation field and so
make a torque ripple also with the orders
vebn. Adding the torque ripples with ldentical
orders the phase shift betvsen them causes the
dependence on the angles ¢ and §, so that the
resulting amplitude of the torque ripple ia
not simply the sum of the two amplitudes.

e, {t) = K, n sinfot+p-d) (8a)
P N o= eadny v oeply, 4 o6 i (8b}
m, () 8rg IK,
. —— 1 . t8c)
0.5U, n 2L
1 y#ly 2 pv~1y 2 '
-z: ( )0(———)-cos(2(o~6)]cos(v(ut*y,))
vi-1 y=1 w4l
y=fn . - 7
R 1‘d 1 /
n, N e £y, ¢, 8) ymén {8d}
w yi-1

Asynchronous machine, The torque ripple here
considered comes again only through the harmo-
nics of the stator currents {Eq. 7a,b) togeth-
er with the fundamental of the stator flux.
Based on the complex space vectors (park vec~
tors) of the stator flux g,q(t} and of the
1oad current harmonics f;,lt) the torque
ripple is calculated with Eq. 9a {p: number of
pole pairs). The space vectors of the machine
varisbles f{(e.g. x} are generally underlined
and defined by Eq. 9b. The stator flux g, {t}
can be approximately calculated as the inte-
gral of the fundamental load voltage u;q{t) by
neglecting stator resistance and stray flux.
" is the resulting amplitude of the losd vol-
tage according to Eq, Ja,b,c. The torqus
ripple m,(t] 1s calculated by Eq. 9¢. Eq. 94
resumes the dependences of the harmonic amoli-
tudes @.. o° should be Xept nearly equal to
the rqulred modulation ratio by superior con-
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trol and so varies nearly linear with w.

mplt) = 3/2 popgqlt) x ipn(e) {9a)
X, = 2/3 (x5 + xbejno° + xce'j12°°] {9b)
my it} 8rq 3p a"0.5Ug
= —_— —— (9¢c)
0.5uy n 2wl w
1 vely 3 -1y 3 B
-Z: (———) + (———) + cos2¢ cos(vivtey )]
vi-1 v=1 v+l
y=6n N 2, ’
. Ta a* 1 \
m, ~ — — tlv,¢) v=6n (9d)

W W yi-l

The analysis in this chapter can give only a
large approximation of the effects coming from
the switching dead times  in VSI 4{nverter
drives, for some strong simplifications are
asumed (mentioned). Using the results the main
limitations are:

1) Operating with very small inertias the
torque ripple causes a not neglectible rotor
speed ripple that again reacts back to the
currents and the torque ripple. These effacts
can be seen in the simulation results.

2) Operating at very low modulation ratios a
respectively fundamental frequencies w there
are two limiting effects: a) The neglected re-
sistive character of the machines appears more
and more. b) The load currents get discontin~
uous at each of their zero crossings at high
switching dead times 4.

SIMULATIONS INCLUDING DISCONTINUOUS CURRENTS

Due to ry the load currents can get discontin-
uous at each of their zero crossings [(7].
Including this operation mode an analytically
description would be not practicable. The af-
fects are investigated by computer simulation
in two steps:

1) Simulation of the average values with the
model of Fig.10 according to Eg. 2c¢ and Fig. 2
with the dynamic model of the synchronous and
asynchronous motor. The average load voltage
during discontinuous load current is approxi-
mated linear within the discontinuous current
mode. The maximum average discontinuous cur-
rent la. depends on the current ripple and can
be roughly approximated by Eq. 10.

2) Simulation of the instantaneous values with
the model of Fig. 11 with the dynamic model of
the synchronous and asynchronous motor. During
the switching dead time the inverter output
voltage u, is dependent on the load current i,
in the following way: At nonzero current, u,
is equal to either the source voltage Ug or
zero. At zero current, u is equal to the
transformed load counter v;&tago ("back EMF"},
which depends on the operation point (mainly
on the rotor speed):. Resulting in a relatively
simple model the mentioned requirements can
all be satisfied by the characteristic in the
feedback loop of Pig. 11. If the gradient R of
the characteristic at zero current is choosen
according to the simulation step time Ty and
the approximated motor inductance L with Eq.
11, the current i, getting zero during a
switching dead time makes the desired voltage
u, within one simulation step. This voltage
causes the current i, staying zero until the
end of the switching dead time.

In order to eliminate the pulse frequency the
fundamental amplitudes can be get by a simula-
ted correlation with the fundamental fre-
quency, while the average values are simulated
with an integrator being reset at each pulse
period.
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A comparison of the results of the two simula-
tion models shows no difference in sinulation
performance. The first model is much more
practicable taking fewer simulation time
(about factor 100). The simulation of Fig, 12
shows tha mentioned effects with an asynchro-
nous motor drive (changed fundamental ampli-
tudes of voltage and current, changed average
torque, voltage and current harmonics, torque
ripple, effects increase with decreasing modu-
lation ratio).

Igqm % 0.02 ... 0.04 U,T/L {10
R o= 1.5 L/T (11)

The simulated values for the fundamentals o:x
load voltage and current as well as the aver~
age torque are plotted for nominal fundamental
frequency over the slip and for nominal slip
over the fundamental frequency (Fig. 13). The
modulation ratio a is calculated with o for
constant magnetic flux amplitude).

Looking at the zero crossings of load current
i, in Fig. 12 at o=0.2, The current beccmes
discontinuous and its average value stays near
zero. During this time the aversge load volt-
age up, is nearly equal to the back EMF of
this phase, the average behaviour of the ma-
chine is approximately identical as if this
phase terminal is separated from the inverter,
During one load current is discontinuous the
machine begins a transient reaction towards a
single phase operation point. Long before
reaching stationary operation the current be-
comes continuous and the motor again starts a
transient response towards a three phase
operation point, This nonlinear limit evele
with the 6th fundamental frequency is added to
the described torque ripple occurring even at
exclusively continuous load currents.

CORRECTION CIRCUITS AND MEASUREMENT RESULTS

[} ctio ea he power ele on

These correction circuits work with each
single bridge leg and are positioned near the
power switches:

Murai, Watanabe and Iwasaki (1985, {3))} pre-
sented the following correction circuit. The
demanded and the real voltage pulse duration
get compared by an up/down counter to correct
the difference within the following pulse,
Barret (1987, ([8)) presented a method for
minimizing the switching dead time by
recognizing the OFF state of the turning OFF
pover switch by measuring the basis emitter
voltage and then immeditely turning ON the
other power switch. .

Correction near the contro cuits

These correction circuits influence the refer-
ence signals Uca b, c invers to the effect of
the switching dead time described by Eq. 2a
and are positioned near the control circuits.
Kiel, Schumacher and Gabriel (1987, (3]} inte-
grated a correction citcuit in a PWM gate ar-
ray. The polarities of the motor currents are
measured by an external comparator to correct
the pulsewidth.

This method can be optimated for a better per-
formance at discontinuous motor currents by
using a comparator with nearly zero hysteresis
and a slightly differentiating feedback. The
measurement results of Fig. 14 are made with
this method.

Another possibility for better performance at
discontinuous motor currents is proposed in
{7) (1987). At average currents below Tam {Eq.
10, discontinuous currents) the polarity of
the current reference inputs of the current
control loop are used to correct u a.b,c"
viola and Grotstollen {1988, lll]f proposed 4
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CONCLUSIONS

The demand for high dynamic¢ performance of a
PWM controlled AC motor drive leads to the
choise of a high DC 1link voltage and a low mo-
tor inductance. In order to limit the current
ripple the pulse frequency must be increased.
With fixed power switching elements the rela-
tive switching dead time T4 increases and cau-
ses the described effects. The motor voltage
fundamental refferred to the modulation ratio
gets changed and becomes depending on the op-
eration point. The harmonics cause torque rip-
ples with the orders v=6n (n=1,2,..). Oszil-
lating limit cycles occur at discontinuous mo-
tor currents. Instable subharmonic oszilla-
t;ons appear at some operation points. All
these effects can be nearly cancelled by using
a qualified correction circuit.
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Fig. 1: PWM controlled inverter with switching
dead times T,
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Fig. 2: Average load voltage change 4y,

for continuous load currents
---- including discontinuous load currents
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Fig. 3: Voltage
fundamentals

in complex time
diagran

B
| \li Uea Real

=
7 4

180°

Fig. 4: Fundamental nmplitude‘ot the load vol-
tage up,1/0.5U, depending on a and ¢
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