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ABSTRACT

This paper treats the problem of
on-off current control for coupling
of a DC voltage system with a three
phase (polyphase) AC voltage system
via a pulse width modulated (PWM)
inverter. Thereby the AC voltage
represents (according to the direc-
tion of the energy flow which is
possible in both directions) either
the emf of an AC machine or the three
phase power supply system (mains).

The following control concepts
are investigated by digital computer
gimulation:

1. a simple hyéteresis controller,

2. a predictive controller with on-
line optimization (optimization
with respect to minimum swit-
ching frequency) and

3. a controller based on off-line
optimization (using a switching
table).

It is shown that for the system
analyzed here, the relatively in-
volved <(concerning its realization)
predictive controller can be replaced
by a switching table of very limited
size. For rating of the treated con-
trollers the switching frequency (at
the same rms value-of the current
control error) as a function of the
rmg voltage of the AC system and the
other system parameters is used.
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1. INTRODUCTION

One of the main areas of inter-
est in power electronics as applied
to modern.drive systems is the supply
of AC machines from a DC voltage link
via a PWM converter. Basically in
such cases a DC system is coupled
with the polyphase AC system (for the
sake of brevity from here on only
called three phase system) generated
by this converter. The converter can
be regarded as a "transformer" with
the inherent ability for a bidirec-
tional energy flow between the two
voltage systems [1]. The reversed
energy flow (i.e., from the AC side
to the DC side) leads to a structure
called Forced Commutated Rectifier,
FCR [1]. Also the drive system men-
tioned earlier only represents an
application of a general power elec-
tronic system for coupling of two
voltage systems (DC and AC) which (as
shown in Fig.l) for the following can
be imagined by ideal AC or DC voltage
sources. The basic properties for
this structure can be summarized as
follows:

* possibility of bidirectional en-

ergy flow
* ginusoidal currents on the AC
side

* due to the balanced power between
AC and DC side the energy storage
elements (L and C) have to be
dimensioned only with respect to
the power pulsating with swit-
ching frequency

no voltage and current distortion
on the AC side (in the ideal
case)

definable reactive power consump-
tion (generation)




* decoupling of the AC amplitude
and the DC link voltage

* simple converter structure (state
of the art)

The main state variables of the
described power electronic system
with respect to physics and technolo-
gy are given by the currents of the
AC side. This is because they deter-
mine the energy flow in the system
(considering their phase relationship
with respect to the voltage) and the
maximum current stress of the swit-
ching device. It is therefore obvious
that the control concept for the
system should incorporate these char-
acteristic wvariables. 1In this paper
the problem of current control of the
mentioned power electronic system. 1is
treated exclusively.

In order to limit the extent of
this paper only on-off control char-
acteristics are considered. For these
the switching instants are asynchro-
nous (i.e., they are not correlated
to the period of the AC voltage);
this can be explained by the fact
that the current is only controlled
(guided) within a deadband around its
reference value. This results in not
exactly defined fundamentals (with
regard to amplitude, frequency and

phase) of the converter output AC
voltage and current. An alternative
to this (asynchronous) control con-
cept as treated here is given by
application of a pulse pattern gener-
ator for which the modulation depth
is controlled dependent on the cur-
rent control error.- Then there are
possible synchronous as well as asyn-
chronous modi of operation. The
former is characterized by a discrete
frequency spectrum.

The classical (and simplest)
realization of an on-off controller
for a three phase system is given by
three independent hysteresis phase
current controllers. The voltage bet-
ween the virtual center point of the
DC link voltage Uz (I in Fig.l) and
the star (neutral) point of the AC
system (II in Fig.l) is given by the
switching status ki (kx = 0..7). The
voltage between I and II is uo = (Uum
+ Uye + Ugx)/3 where Qur s Uusr Uur
are the phase voltages of the conver-
tér with respect to point I. There-
fore the change of the switching
status of one phase effects the other
phases. Because this coupling effect
is not a priori considered by the
simplest on-off control system as
described before, among other proper-
ties a maximum current control error
of twice the deadband width results.
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Fig.l1 Basic structure of interconnection of an AC and a DC system
via a pulse width modulated converter (PWMC). One converter
leg (e.g., 2 power transistors with antiparallel freewheeling

diodes) can be symbolized by a

simple switch connecting either

the positive or the negative DC link bar to the respective AC

phase. (The switching position

shown here is not possible !)
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If the switching actions of the dif-
ferent phases are coordinated the
current can be kept within the dead-
band. Furthermore then also an opti-
mization (as described, e.g., . in [21)
is possible aiming at a minimum swit-
ching frequency; an other optimiza-
tion criterion is, e.g., minimization
of the rms value of the current con-
trol error. Because such an optimiza-
tion basically is only meaningful for
stationary operating conditions a
second control system has to be su-
perimposed on this optimized control-
ler to handle transient conditions
(see sections 4 and 5).

In this paper the stationary
operating conditions of a simple on-
off controller, of a controller based
on off-line optimization (using a
switching table) and of an on-line
optimizing (predictive) on-off cur-
rent controller are investigated and
compared by digital computer simula-
tion.

2. DESCRIPTION OF THE SYSTEM
BY SPACE VECTORS

According to Fig.2 the space
vector differential ‘equatiopn 1s given

by

diN
u, = u (k) + L — (1)
=N =
Uz dt
where i, is the AC current (called

! Uz
converter

K

controller

K-y

Fig.2 Control structure of the
system (Fig.l) based  on
space vector description of
the state variables.
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also mains current 1n the rotiowing),
un is the mains voltage and uw(ksx) is
the converter output (AC side) vol-
tage (switching status kx).

We define

R 2
AiN = iN iy (2)
as the current control error. This

yields with Eq. (1)

daiy diy
L = EU(kI) - (EN - L —
dat dt
- (3)
- 'EU(kI) T Zui
In Eg.(3), Uus ‘Tepresents that
(ideal) converter output voltage

which on one hand forms the counter
voltage to the mains and on the other
hand would effect a current change in
I. according to the reference value
change. There are only six different
nonzero converter output voltage vec-
tors of equal magnitude (with a di-
rection depending on the switching
status kx)

— 2 —_—
|Eu(kx)l = 3U0,, k_=1..6 . (4

Together with both zero vectors k=0
and k:=7, there exist alltogether

\ b jIm

Yylot)
K1=3

I
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T Yz,

Fig.3 System state vectors




seven vectors ddix(kz)/dt being dif-
ferent with respect to absolute value
and direction (Fig.3). An influence
on the rate of change of the current
control error (ddin/dt) is given here
by the parameters ki, Uz, U~, L, ixs
and ®W,. As can be easily estimated,
for practical applications the induc-
tive voltage drop L din/dt can be
neglected in comparison to ux in many
cases (see Fig.3: d¢p-0).

Under stationary operating con-
ditions one can assume sinusoidal
quantities forming Uy, and iy:

- Juw, . t
Uy UN e” N
) (5)
¥ % J(w,.E + Y
iy = IN e N

If we insert Egs.(5)into Eq.(3) there
follows (wnt = @n):

dai
=N _ _
L = uylk))

dt (6)

Juw,,t o * g¢
e’ N (UN ijL IN e’ )

Thereby the space vector of the cur-
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Fig.4, Trajectories of the current
control error di, shown for
lupl close to lunl. The
"axis" C is parallel to
Uwlkz) for k: # 0,7. For izm
and the hexagon see sec-
tion 3.

rent control error 4ix due to Eq.(2)
is represented in a coordinate system
whose origin lies in the tip of e
The trajectories of 4in(kz) are
trochoids which degenerate to circles
for kz=0 or kx=7 (Fig.4). In the
limiting but more theoretical case
for luyl=luwsl the trajectories (for
kr=1..6) become cycloids.

The rms value of 4ix =.s.r which
is used to compare the different
current controllers can be calculated
from the space vector 4in-. At First
we define:

Yaiz = ai % + ai? + Al ? (7)
Ng Ns Nep

Equation (7). characterizes the power
dissipation of the system due to
current control errors and can also

be expressed by the space vector
Bing:
. 3 . 12
Jaiz = 5 |aiyi (8)
Accordingly,
- N I I S BRI
biyg = J T ol 3 laigl?dt (9)
eff

is used as a quality criterion. For
converter switching frequencies 1in
the kilohertz range for rms value
calculations the trajectories of din
can be replaced by straight lines
with very good approximation (the
error lies 1in the 0.1 per cent
range) .

Because, as mentioned before,
for the simple hysteresis controller
the maximum control error is larger
than the deadband (exactly twice the
deadband) a (time-) statistics 1is
established considering the magnitude
of the current control error for
judging the frequency (probability)
of leaving the deadband. Thereby the
sum of such time 1intervals where
| 4ix! lies within the interval [I, I+
4I]1 is related to the entire time and
devided by the interval width 4I.
This quotient p{(I) represents (in a
statistical sense) the distribution

-density of the absolute value of 4in.

From this function one can also draw
conclusions with respect to the oc-
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curring rms value ineese because
p(I) weighs the square of the magni-
tude of the state vector inx. The

probability of the occurrence of a

"magnitude I<I' thereby follows as:
P

W(I') = ofI' p(I) 4aI (10)

Remark: The current control errors
represent stochastic signals 1in a
sense of signal theory. Therefore one
can only give a continous power den-
sity spectrum for them which could be
obtained by a Fourier transform of
the autocorrelation function. How-
ever, in this paper the analysis in
the frequency domain is not persued
further.

To arrive at a conclusion con-
cerning the maximum and minimum swit-
ching frequencies of the converter
legs within a fundamental period one
could divide this period into equal
time intervals. Then the "local"”
switching frequencies in these inter-
vals would be determined. (Then one
could follow an algorithm similar to
the procedure for determination of
the distribution density of | 4inl).
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Fig.5 Current space vectors and
control error stripe for
phase R.

-

Besides the mathematical advan-
tages of the space vector representa-
tion a very clear description of the
system behavior is made possible.
E.g., the deadbands around the phase
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current reference values are trans-
formed into stripes lying perpendi-
cular to the respective phase axis
(see Fig.5, there shown for phase R).
The common area of these stripes
(i.e., the control errors of all
three phases are smaller than the
deadband width) results in a hexagon
being characteristic for three phase
on-off controllers (see Fig.7). The
tip of the reference value space
vector 1lies 1in the center of the
hexagon. Basically one could define
arbitrary areas instead of the hexa-
gon if the control concept is based
on a space vector representation of
the control error (e.g., such as 1in
[2]). Contrary to such areas only the
hexagon guarantees the full use of
the allowable phase current control
error. The corners of the hexagon
represent the simultaneous reaching
of the deadband limits (one upper and
one lower limit) in two phases. If
one defines, e.g., the "inner circle"
of the hexagon (the circle touching
all six sides of the hexagon) as
control error area, there results the
game maximum value of the phase cur-
rents; however the smaller area leads
to a higher switching freguency of
the systen.

3. HYSTERESIS CURRENT CONTROLLER

For this simplest form of on-off
current control the converter swit-
ching status is given by three inde-
pendent phase current controllers
(Fig.6). Therefore,a maximum control
error results being twice the dead-
‘band width. This 1is because the swit-
ching action of the phase where the
deadband is left can only result in
re-entering the deadband if the swit-
ching status of the other two phases
does make this possible. (This is
obviously caused by the three phase
structure of the system.)

e - o
irg Kg
‘i 1

KI= (Kg,Kg Ky}

Fig.6 Hysteresis current control-
ler (show:. ifor phase R)




One interesting detail should be
mentioned: due to the hysteresis the
switching status of any phase 1is
uniquely determined only fordix =.s.x
> +ipm (posive thresholds R+, S+, T+)
or < —-irs {(negative thresholds R-,S-

,T-), respectively; then it is not-
dependent on switching history.
Therefore, for a given converter
switching status, e.g., (111>, 41y
can lie arbitrarily within the rele-
vant region shown by Fig.7 (sectors

0,2,4,6). It follows that one can
only draw limited conclusions with
respect to the control error based on
the switching status. On the other
hand, the control error 4i, deter-
mines the converter switching status
definitely for the sectors 8,10,12,
14,16,18 I[see, e.g. (001), sector
101.
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Fig.7 Tolerance area for space
vector representation of Jin

When the control error exceeds
twice the deadband in one phase
(e.g., point A in Fig.7), a switching

action 1is enforced in the other two
" phases via immr*ins*ine = 0. Then the

control error «can be corrected 1if
the DC link voltage is sufficiently
large with respect to the mains vol-
tage. (This obviously 1is a basic
condition fbr the controllability of
the system.) An unbiased comparison
of the hysteresis controller with
other on-off controllers therefore
has to consider the maximum control
error reached; the comparison cannot

be simply based on equal deadband
widths because the implicitely toler-
ated larger control error results in
a lower switching frequency than for
exact observance of the deadband. It
is meaningful, however, to compare
the switching frequencies, e.g., for
equal rms value of the control error.

The investigation of the para-
meter dependency of the hysteresis
controller shows that for low fre-
quency of the AC side (assuming fre-

"quency proportional voltage ampli-

tude, i.e. approximately constant
(rated) flux in an AC machine) there
occurs a significant increase of the
switching frequency fs. This frequen-
cy has as its maximum (for theoreti-
cally luy!=0) the value fg = Uz /
(9.L.ixrm) given for the limit cycle
according to Figs.8. For decreasing
AC voltage amplitude an increasing
degree of a 60° symmetry is reached
for the d(4in)/dt as given for ki =
l1...6. This is a condition for stable
switching c¢ycles for which always
neighbouring converter voltage space
vectors follow each other. This 1is

wy(3) dul4)
/'0
UulKI=1) Qu(s)
Fig.8a Limit cycles of Jin for:
a) Ups = 0
b) Juwii<<luplkz)!, kz#0,7

because leaving the deadband results
only in changing the switching state
of one phase; then at most two phases
can assume the same switching state
because of the anti-cyclic series of
switching thresholds (e.g., R+, S-,
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T+, R-, S8+, T-). The freewheeling
state [(000) or (111) with uy=01,
being most "economical” with respect
to fs is not assumed any more. The
switching frequency due to the high
magnitudes of the d( 4iy)/dt (missing
counter emf ! ) lies substantially
above that which 1is obtained for
higher AC voltage values. The de-
crease of f5 can be explained by the
increasing disturbance of the symme-
try of the [d(Jiy)/dtlk:. As can be
seen from a more detailed investiga-
tion, the existence of local tempo-
rary switching cycles with relatively
high switching frequencies 1is also
possible for higher amplitudes of uy.
This effect leads to a non-monotonous
function of the switching frequency
versus the mains voltage (frequency).
The switching frequency behavior
shown to be smooth in Figs.12,13
therefore only is a good approxima-
tion of the real situation.
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Fig.8b Distribution density of
I A‘}_NI; (fN=5 HZ, UNeff=22 V,
Lis! = 25 A, Uz = 620 V,igp
= 2 A, L=6.2 mH). Due to the
limit cycle (Fig.8a) 4i, mo-
ves close to the border of
the tolerance area.
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A further operating condition,
being characteristic for the hystere-
sis controller, exists in the region
fug!/tun! = 2: . the control error of
one phase can be kept within its
deadband for -an interval of about 60°
of the AC voltage without any swit-
ching action of the respective phase.
This can be explained by the d(4iy)/
dt (Fig.9) of the converter output
voltage space vectors being approxi-
mately symmetric with reference to
Uysi; these vectors are chosen in a
cyclic manner [e.g. (001)~-(101) -
(100)-(000) or (100)-(101)-(001)~
(000)]. The cycle is stable due to
the switching conditions (thresholds
of phases R and T); the stability is
interrupted only by turning of the uy
space vector. The phase not involved
in the switching cycle above men-
tioned (Phase S in Fig.9) is given by

(010) . (110}

(mﬂ

/
(001} Ki=1 yyl101)

Fig.9 I. switching cycle for u,LS-
IT. angle change of u, (at
time t.) results in a dis-
turbance of the symmetry
given for I.

the direction of the mains voltage
vector. Via the (average) antiparal-
lelism of the two vectors of approxi-
mately equal magnitude [d( 4iy)/dtl,,
[d( 4ix)/dt]. the cycle is kept so to
say 1in "equilibrium" between S+ and
S-. After a medium angle change of
the voltage vector u, by about 60°
the cycle tips over also by 60° and
then occurs between the thresholds of
S and T in the case considered here.

t




Then R is not involved in the _ swit-
ching cycle. The occurrence of the
effect described 1is made possible
only by the fact that the DC 1link
center point has a free potential
versus the AC voltage neutral; there-
fore the switching actions 1in one

phase influences the current behavior
in the other two phases.

The AC voltage fundamental pro-
duced by the converter has to balance
the mains voltage (including the
inductive voltage drop in. Wn.L) for
current control according to the
given reference values. The differ-
ences between this ideal converter
voltage uys:; and the actual output
space vectors upl{kx) of constant mag-
nitude determine the time derivative
of the current control error. Thereby
the uu(ky) being closest (with regard
to magnitude and phase) to the mains
voltage show the smallest value of
current change. Based on these condi-
tions the switching frequency de-
creases with increasing AC voltage
amplitude and/or with decreasing vol-
tage margin of the converter. With a
deadband control the reference value
in the average is only reached for a
sufficiently high switching number
within the AC voltage period. For the
case of a small difference between
mains and converter voltage this
condition is not met any more; the
reference value is assumed in the
average only for more than one AC
voltage period. This ™“l®ads to sub-
harmonics which result in the case
of a drive system in higher AC ma-
chine losses. If the voltage margin
becomes 0, the voltage equilibrium
mentioned c¢an not be maintained any
more; the system looses controlla-
bility and the maximum control error
becomes larger than 2.ixs. This prob-
lem could be always handled by an
accordingly high DC link voltage Uyz;

however, this problem remains' 1in
practical applications due to the
economically required voltage utili-

zation of the switching devices and/
or due to a technologically given
limit of U.

In the following the dependéncy

of the hysteresis controller swit-
ching frequency on the essential
system parameters shall be shown.

measured distribution
(Fig.10) shows a
behavior at

Because the
density - of | 4din!
geometrically similar

1KY puding

Fig.1l0

Fig.1ll

T v T T T T
04 08 08 10 112 1*% 16 18

¥
Hysteresis controller: Dis-
tribution density of | 4ix!;
(fo = 50 Hz, Unecee = 220 V,
1i%1=25 A, Uz=620 V, 1irm=2
A, L=6.2 mH). 2/Y3 ixm: ra-
dius of the "outer circle”

of the tolerance area.

Binggy 141
3=

T T Ty T

v 1
0 1 2 3 4 iTB [A]

RMS value of the control er-
ror as a function of ixp
(half the deadband width);
(=50 HzZ, Unecee=220 V, [iX|
= 25 A, Uz = 620 V, irg=2 A,
L=6.2 mH).
I. hysteresis controller:
MNygeee/iren 0,61
II. predictive controller:
AiNeff/iTB "“-"0-52
For equal 1irps we have:
dingesel(I) > dineee(II) be-
cause for the predictive
controller 4in is controlled
inside the hexagon in any
case {(however, this is con-

nected with higher fg).
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different DC link voltages (constant
AC voltage), we can give an (approxi-
mately) constant relationship between
deadband width and rms value of the
control error (Fig.ll). As shown in
Fig.1l2 the product of inductance and
switching frequency 1is about con-
stant, the switching frequency de-
crease is approximately proportional
to 1/L. For variable DC link voltages
the relationship of the switching
frequencies corresponds to the vol-
tage margin of the converter. From
L.d(4in)/dt ® upy-ux there follows that

the product irp.fs is constant
(Fig.13) for fixed values of Jluul,
lunx! and L. Also here the same 1is

valid for the switching frequencies
occurring for different DC link vol-
tages as said for Fig.1l3.
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Fig.1l2 Hysteresis controller: Swit-
ching frequency as a func-
tion of the inductance.
‘fN— = 50 HZ, UNeff = 220 v,
1i%1=25 A, Uz=620 V, izm =

2 A). The deviation of the
linear behavior (applying
logarithmic scales) for

higher values of L can be
explained by the then given
stronger curvature of the
trajectories. f4.L= constant
is only valid if the trajec-
tories can be approximated
by straight lines. Moreover
fs.L = constant neglects all
"resonance" - effects (see
Fig. 24) of fs.
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Fig.l13 Hysteresis controller: Swit-
ching frequency as a func-
tion of irs (half deadband
width); (£, = 50 Hz, Unees =
220 Vv, 1i%1=25 A, U,=620 V,
L=6.2 mH).
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4. PREDICTIVE CONTROLLER

As described 1in section 3 the

~control  error can assume a maximum

value of twice the deadband width in
the case of simple hysteresis con-
trol. This 1is due to the indepenent
phase current controllers. If 4i, has
to be controlled such that it remains
within the irm—tolerance region
(hexagon), the reaction of the whole
system to a switching decision has to
be considered before it is "executed"
by the converter. Certainly excluded
should be that (old) switching state
k which actually makes necessary a
converter switching status change
(because the relevant trajectory
leaves the hexagon). 1In general more
than one of the remaining seven (only
six for k=0 or k=7) possible swit-
ching states will guide back the
control error into the hexagon
(Fig.14). Among these a selection has
to be made in an optimal sense.

One possible optimization crite-
rion is, e.g., the maximization of
the dwell time [t(k:)] of the trajec-
tory within the hexagon, weighed by




the number of necessary switchings
ntk,ky) to get from the old converter
switching status k to the new one kg
(Fig.15). This acts as a switching

frequency minimization. But via
n{k,kc)/t(ky) only the 1local swit-
ching frequency 1is minimized (as,

e.g., 1n a steepest descent method)
and does not necessarily mean that
the global minimum will be found
(compare I in Fig.15). On the other
hand, a global optimization in prac-
tice cannot be performed due to the
enormous computational effort connec-
ted herewith.

jIm, ing

' Re, iN,u

Fig.1l4 Operation of the predictive
controller: For t=to 4dixn
reaches the tolerance area
limit in I. The changing of
the converter switching sta-
tus from k to ki leads 4din
back into the hexagon; then
4i, does not leave it until
Jt=t(ky) in II.

An other optimization criterion
could be, e.g., to minimize the
(local) contribution of the consi-
dered part of the trajectory to the
rms value of the control error. Also
in this case the optimization
criterion can be mathematically for-
mulated easily.

The -“control of 4i, within the

[

tolerance area (which is the "con-
straint” of the optimization) can
only be guaranteed if at least one of
the [d(4ix)/dtlk: leads back 1into
the hexagon. From this the controlla-
bility margin (being in general de-
pendent on the geometrical form of
the tolerance area) of the predictive
controller can be derived (Fig.16).
The optimization of course 1is only

3 NilKLK)
1
NiKLK) K=
3 — P ’
—
Kl=2 KI=7 . —
2 — I

fsltg) + 327

(’=?f,'“(!l

Fig.1l5 Predictive controller: Mini-
mization of fss tiky)
weighed by n(k,k;) corres-
pond to the reciprocal value
of the "local" switching
frequency in t=ts. The "glo-
bal™ switching frequency
fa(tys) is determined by
Zintk, k)l / Zti(ks).

possible 1f at least two k: exist
fulfilling the constraint. As the
analysis of the switching decisions
chosen by the optimization procedure
shows, for lunl close to luw!l - rela-
tively independent of the weighing by
n(k,kz) - frequently such switching
states are selected where the conver-
ter output voltage vector is close to
the mains voltage; this results in a
correspondingly low magnitude of the
d(4in)/dt. In the case of [uni<<lupl
the (d(4iy)/dtlk: show about equal
magnitudes (with exeption of the
freewheeling state which is taken on
in a preferred manner). The selection
of the switching decision (besides kg
= 0,7) then is essentially influenced
by the n(k,ky).

The investigation in this sec-
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tion is limited to the stationary
operating behavior of the predictive
controller. In a dynamic sense its
function is limited by the converter
voltage margin. This is because with
Eg.(3) for high d(i%)/dt the value of
d( 4iy)/dt is mainly determined by the
reference value. To handle this oper-
ating condition a further control
concept (e.g., a hysteresis control-

~ler) is to be superimposed onto the

predictive controller; this control-
ler brings the transient (possibly
large) control error back into the
tolerance region.

Fig.16 Predictive controller con-
trollability margin: For B>
120° possibly (dependent on
Une) no trajectory guides
Jin back into the hexagon
from one of it~s corners. If
Ji, lies on the edges of the
hexagon B < 180° is suffi-
cient that there is at least
one trajectory leading back
into the hexagon.

For the dependencies of the
characteristic quantities on the sys-
tem parameters (Figs. 11, 17, 18, 19)
essentially the same is valid as said
for the hysteresis controller. The
characteristic of the switching fre-
quency as a function of the mains
voltage amplitude can be explained as
follows: for small AC voltages the
freewheeling state is taken due to
the optimization in a preferred man-
ner (Fig.24); this is opposed to the
hysteresis controller. The system
remains in the freewheeling state for
a longer period of time due to the
small [d(J1ix)/ dtlo,»; this results
in a low switching frequency. If lu.!
lies close to |luy! there again swit-
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ching states occur (close to the
mains voltage vector) showing a low
d( 4iyn)/dt; this results in a decrease
of the switching frequency fs for
higher AC voltages. For lusl= 2.lux]l
"resonant cycles" similar as in the
case of the hysteresis controller can
be observed, despite the optimization
performed. These cycles result in an
increased fs, which can be explained
by the then given high degree of
symmetry of the (d( 4ix)/dt lkz. The
switching frequency trend again can
only be described as approximately
smooth.
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Fig.17 Predictive controller: Dis-
tribution density of ! Jini;
(fs = 50 Hz, Umneee = 220V,
li%l = 25 A, Uy = 620 V, L=
6.2 MH, ixm = 2 A). 2/V3 ixm
is the radius of the "outer
circle" of the tolerance
area. Because the tolerance
area is not left (due to the
constraint of the optimiza-
tion) p(l4inl) = 0 is wvalid
for |4iy! > 2/73 ixze-

5. OFF~LINE OPTIMIZED PREDICTIVE
CONTOLLER - CONTROL TABLE

As mentioned in section 4, the
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Fig.18 Predictive controller: Swit-

ching frequency as a func-
tion of inductance; (fn= 50
Hz, Uneee=220 V, 1i%1=25 A,
U,=620 V, 1irm=2 A). Due to

| din! < ixm., £s 1lies above
that of the hysteresis con-
troller with equal para-
meters.

predictive controller requires knowl-
edge about the instantaneous system
state k to select the optimal new
switching state k:z. In"the statio-
nary case considered here the system
state is characterized by U, in, 41iwm
and the switching state k existing
until now. According to Eg.(6) ix
exerts only very small influence on
the [d(4in)/ dtlk:z (and consequently
on fa, Fig.20) for small values of L
(as mostly given in real systems),
because then lux! >> wxn.L.li%!. The
inductive voltage drop essentially
causes only a rotation of ux by an
angle of a few degrees. This is of
little significance because u, can
assume only six different directions
with an angle of 60° between them.
Therefore the switching decision of
the predictive controller is almost
independent of the magnitude Iyx of 1iw
and primarily determined by un, dix
and k.

For a given value of the mains
voltage therefore the optimal k:x can
be given by eight tables for the
different k if a sufficiently fine
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Fig.19 Predictive controller: swit-

‘ ching frequency as a func-
tion of irm (half deadband
width); (fx = 50 Hz, Unesse=
220 v, 1iX1=25 A, Uz=620 V,
L = 6.2mH) .

discretization of @uy and @di, (argu-
ments of uy and 4in) is made (6° in
Fig.21). For a given output state k
only such new states (k;) are listed
for which the trajectory correspon-
ding to k would cross the tolerance
region boundary (hexagon) from the
inside. Only those values are needed
if 4in is controlled within the hexa-
gon (which is guaranteed by the work-
ing principle of the predictive con-
troller). The other locations in the
table (indicated by "8" in Fig.21)
could be filled, e.g., by k:=k
because k there leads (already) back
into the hexagon without making swit-
ching necessary.

As shown in Fig.21, different k:
appear (with good approximation) only
in 30°-segments of the table. This
can be explained basically by the 30°
symmetry of the tolerance region in
connection with the 60° discrete
directions of uw. The expectation
being obvious therefore, namely that
the predictive controller can be
described by switching tables of
relatively less extent (Fig.22), is
proven by simulation. The high effort
connected with the on-line optimizing
predictive controller [2] can be

avoided by an off-line optimization
' PCI » MAY 1987 PROCEEDINGS 77




[kHz) fg
2 A

t "\
m

15

ligt
T ]
=100 -80 -60 -4 -20 0 20 I 60 80 100 (A]

Fig.20 Switching frequency as a

function of the current re-
ference value lifxl; ( fx =
50 HZ, UNeff = 220 V, Uz =
620 V, igxm = 2 A, L=6.2nmH).
li%! < 0 stands for ¢ =180°
(power .conversion from the

DC to the AC side).

I. predictive controller
II. hysteresis controller
("measuring points": every
nultiple of 10 A, linear in-
terpolation); fs decreases
with increasing [i%!; this
can be explained by the then

higher counter voltage Uuus
(increased voltage across
L).

tables (for different k)
small storage re-

stored 1in
with relatively
quirements.

The problem of making one (medi-
um) switching decision for a whole
30°x30° segment is, besides the then
not always given optimality, that the
chosen ki, does not guide 4i. Dback
into the hexagon in each case. The
second control concept which has to
be superimposed on the predictive
controller to handle transient condi-
tions (see section 4) then also has
to interact occasionaly for statio-
nary working conditions in order to
correct the control error. An exact
definition of the maximum control
error therefore is not possible. As
an analysis of the distribution den-

sity of 14ix! <shows (Fig.23), the
deviation from the behavior of the
on-line optimizing predictive con-
troller is relatively small. This is
because the maximum value of 4ix
exceeds irms only by a small amount
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Fig.21 Switching table of the pre-
dictive controller; horizon-
tal: @din, vertical: 9Pux
{both given in steps of 67).
(fN=5 HZ, UNe£f=22 v, I_:_L__:I=
25 A, Uz=620 V, irm=2 A, L=
6.2mH, instantanous swit-
ching state k=2). The table
provides the optimal new

switching state kx.

and this also occurs very seldom. An
essential influence on the rms value
of 1ix thereby is not given.

With a predictive controller a
significant reduction of the swit-
ching frequency (compared to the
hysteresis controller) is possible
especially for low frequencies of the
AC side (assumption: luy!/ wx = con-
stant resulting in an approximately
constant flux of an AC machine). As
described before this is achieved due




to the then very small d(dix)/dt of fact that the optimization is perfor-

the freewheeling states. As the in- med only according to the "local"”
vestigations show, a controller with switching frequency; furthermore the
a 30° discrete switching table (es- "resonant cycles" of the on-line
tablished, e.g., for f,=5 Hz, Fig.22) predictive controller (described in

may lower the switching frequency section 4) cause an increase of the
even beneath that of the on-line switching frequency as compared to
predictive controller (Fig.24). This its (global) minimum possible value.
phenomenon can be explained by the Moreover due to these cycles the
' freewheeling trajectory will be si-

tuated in a preferred manner close to

the tolerance area boundaries which

222222222222 would increase the rms value of 4i.
222222222222 w3 " B : . .
The "disturbed" optimization given by
000000333333 o 2 Y
000000111111 the not exact (not sufficiently
5500000011655 fine) switching table avoids such
440000004554 resonant cycles for the table-based
444400000044 controller. The investigations per-
6 6 gg g gg g gg g g formed show that the table proves to
g 3 5222222222 be extremely robust and leads for a
222222222222 wide AC voltage region to switching
222222222222
Fig.22 Simplified switching table (a1 pudiny
"derived from Fig.21; resolu- 013
tion of 30° for @4in (hori- ]
zontal) and oqun (vertical). 0.12
oM
(A1 puding ]
0‘1—4 0,1—‘
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008 3 008 ]
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Fig.23 Distribution density of | dinl; (£x=5 Hz, Uxeee=22 V, [i%1=25 A,
U,=620 V, irxp=2 A, L=6.2mH, instantanous switching state k=2);
a) (left) : off-line optimized control table
b) (right): predictive controller
The smaller 4digyees of a) compared to b) (see Fig.24, f,=5 Hz ) is

due to the "disturbed" optimization of the table based controller
(avoidance of "resonant" switching cycles).
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frequencies being smaller than those
of the on-line predictive controller
with an approximately equal rms value
of 4din (Fig.24). 1In the vicinity of
fuut = 2.luy! the switching table has
only limited validity (because it is
based, as mentioned before, on f, =
5 Hz). The superimposed control sys-
tem (in the present case a hysteresis
controller) has to interact more and
more to correct the control error.
The switching frequency lies, as that
of the on-line predictive controller,
in the region of the hysteresis con-
troller. Basically then the effect of
an optimization is not noticeable be-
cause the magnitudes of the [d(4iy)/
dtlk: are not very different. More-
over the (locally effective) optimi-

zation «criterion cannot eliminate
"resonant cycles" appearing due to
symmetries (leading to trajectories

similar to those shown in Fig.8a or
9).
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In practical applications a sub-
stitution of the on-line predictive

controller (avoiding the high effort
connected with it) by a table based
controller 1is possible. Then for

lower AC voltages the switching deci-
sions of this controller are taken
from an off-line optimized switching
table; at higher AC voltages the
system is switched over to the super-
imposed hysteresis controller. This

transition therefore can be per-
formed gquasi continously because the
switching decisions for the hys-

teresis controller can also be put
into tables easily; the "switching
over" only means an exchange of the
switching table. "Switching over”
takes place in the case of operation
based on the optimized control table
too, if the optimized switching deci-
sion does not lead back the 4in into
the tolerance area.

The complex plane is divided
into 19 segments (sectors) by the 6
thresholds (Fig.7) which are deter-
mined by corresponding dinm. Y B
dingr. With an additional evaluation
of Aimm- dins, dims— dinr and dinc- dinsm
a 30° sector for 4in (necessary for
the table based controller) can be
determined by a simple comparator
circuit. The evaluation of the uy is

[A] dingy

0.54

fn
0 s , = e
0 5 ® B 220 25 30 35 4 4  50lHl

Fig.24 Comparison of switching frequencies and rms values of 4in for the

control concepts treated:

I. Hysteresis controller (irs = 1.67 A)

II. Predictive controller

(izxs = 2 A)
III. Optimized control table
fro = 5 Hz, Uneese = 22 V

(izs = 2 A), optimized for

An approximately equal rms value of dineoees is achieéved with the
mentioned irs values. If irs is adapted to keepdinose constant
exactly, fg=fa(fyn) would be smoother than shown. (1i%l = 25 A,

Uz=620 V, L=6.2mH, UNgff/fN =
80 PCI « MAY 1987 PROCEEDINGS
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constant = 220V/50Hz).




also performed via the phase quanti-

ties Uper Uns,s Upr e

As mentioned before the table
based operation is switched over to a
pure hysteresis controller operating
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at higher AC voltages. This requires
establishing of [uy! by (1) in Fig.25
(e.g., a simple rectifier followed by
a comparator). If the table based
controller is part of a drive control
system the-AC voltage ("mains") is
realized by the inner (counter) emf
of the motor; this voltage therefore
is not accessible directly but often
calculated anyhow to control the flux
of the motor. If this is done by
digital control (1) and (2) of Fig.25
can be omitted.

The table based controller shown
in Fig.25 basically represents a
synchronous state sequencer. This
requires a clock-synchronous transfer
of the input variables. To detect the
crossed threshold the sector number
s; (supplied by 4in comparators I and
ITI) is compared with s;_, (the sector
number delayed by one clock cycle) by

Fig.24a Table-based controller (op- the 4in encoder (8). It is assumed
timization for f. = 5 Hz, that the clock frequency is suffi-
Uneee = 22 V): Distribution ciently high that within one clock
density of |diml; (fx = 50 cycle only transfers between directly
Hz !, Uncee = 220 V, |i¥| = neighbouring sectors are possible.
25 A, U, = 620 V, irp = 2A, Then this information can be expres-
L = 6.2mH) . sed as a 6-bit data word if the in-
formation for the predictive con-
EPROM .
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Fig.25 Realization of the off-line optimized (table-based) predictive

controller as a synchronous state sequencer.
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troller is included. The 4in compara-
tor I (4) forms a tolerance region
which is tilted by 30° compared to
that region determined by (3)
(Fig.26). (From this there follows
the possibility to evaluate @din in
30° segments.) The Jin encoder II
(realized as 32k-bit EPROM such as
encoder I) transfers the information
concerning 4i, to the control table
if the system trajectory moves from
the hexagon intc a neighbouring sec-
tor (this means that a "predictive
controller decision" has to be made).
If the control error cannot be tur-
ned back by that, boundaries of outer
sectors will be crossed. The informa-
tion that hysteresis controller oper-
ation has to be selected in this case
is also contained in the encoder 1II
(9) output (6-bit). The pure hyste-
resis controller operation for higher
AC voltages is selected by (1).

1 o
A5l diy 5~ diny)
i

diys

- ~
Apldinyding) e \\%bUmﬁ%Md
(R-S)*

diny
/

Fig.26 Superposition of two toler-
ance areas (I and II) tilted
30° with respect to each
other for receiving a 30°
resclution for @4in; for the
case shown here the position
of 4in can be clearly rela-
ted to the corresponding 30°
sector given by R+ and (R-
S)+ = 1.

The output of a new switching
state is delayed by one clock cycle
such that the previous switching
state (required for predictive con-
troller decisions) is available to
the control table. Due to the reali-
zation as a sychronous state sequen-
cer a change of the system variables
is recognized within one clock cycle.
It leads to the output of a new swit-
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ching state and activates the data-
lockout circuit (11). The data-lock-
out (realized as a clock-synchronous
monostable multivibrator) temporarily
inhibits the update of the system
state variables (5). This is required
because the controlled system res-
ponds to the new switching state
(output by the controller) only after
the converter delay time. A change of
the control output during this time
is not meaningful. The converter
delay time therefore is the minimum
value for the data-lockout.

6. CONCLUSIONS

The 'basic idea of the predictive
controller represents an attractive
method for minimization of ‘the swit-
ching frequency in on-off controlled
systems. As shown in this paper the
problem lies in selecting the proper
optimization criterion together with
practicable constraints. Under con-
sideration of an economical realiza-
tion only a local optimization (ac-
cording to a steepest descent method)
is possible due to the simplicity of
the mathematical conditions given 1in
that case. This leads to a substan-
tial improvement as compared to the
simple hysteresis controller in such
parameter regions where switching
states can be assumed which have
great influence on the variable to be
optimized. (This means that the basic
condition for good optimizability is
given.) However, it is shown that in
the case considered here the predic-
tive controller does not justify the
high effort of an on-line realiza-
tion.

With a system being of much
simpler structure, consisting basi-
cally of a switching table gained

from off-line optimization, the se-
lection of the "optimal" switching
decision (according to the points of

view mentioned) cannot be guaranteed
in any case. However, this seeming
disadvantage alltogether leads to a-
system behavior that - for an essen-
tial range of the parameters - lies
closer to the global optimum than for
the predictive controller. This is
based on the fact that the predictive
controller optimizes the system be-
havior only within a very limited




time interval. Therefore the optimum
evaluated by the predictive control-
ler is not the global optimum. It is
shown that the proposed off-line
optimized table based controller
comes closer to the global optimum.
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