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ABSTRACT - To achieve fast contro! action. direct
control methods should be used. "Direct Mean Torque
Control® (DMTC) combines the good dvnamic perfor-
mance of Direct Torque Control (DTC) with the
advantages of inhercntly constant switching frequency
and time equidistant control for implementation in a
digital signal processor. Since DMTC is a predictive
control algorithm. the model and its correction deserves
special investigations. This paper proposes a steadv-statc
Kalman filter which is well suited for fast computation,

INTRODUCTION

In the last years, methods to control directlv torque and
flux of induction motors gained increasing inlerest. since
they promise an excellent dynamic performance. Several
types of DTC evolved ([1], [2]). Time-continuous (analo-
gue) implementations of the control algorithm have been
realized first. For many reasons. a digital realization of
direct torque control methods is desirable [3].

This paper deals with the Direct Mean Torque Control
method and its digital implementation [3}. The method
uses a sophisticated algorithm to predict the next two
switching actions of the inverter. To do this. the state
equations (2) of the machine are numericallv integrated in
a digital signal processor (DSP). This intcgration is done
a small amount of time (e.g. 30...100ps) ahead of real
time. This means, that the computed torque (6) is earlier
available for the control algorithm than it will be
produced by the real machine. The method uses the
derivation dT/dt of (6) to determinc the next switching
actions in the inverter.

In contrast to [3], this method has the advantage of an
inherently constant switching {requency, but a predictlive
machine model is required. To keep ihc states ol the
model as close as possible o the real siates, a feedback,
i. e. an observer, should be implemented. A simple design
method is manual pole placement. This mcihod leads to
unsatisfactory results because ol the unbalanced root
locuses of induction motors. A Kalman filter seems 1o be
better suiled, but computation extensive. This paper pre-
sents a steady-state approach. Its real time implementa-
tion is as simple and fast as pole placement. Experimental
results show the validity of the control scheme.
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MODELING

The classical DTC scheme uses a simple machine
model based on the measured stator currents and known
stator voltages. It consists on the integration

w, = [ -Ry-ipdt. m

To avoid a significant delay while determining
switching state, the control scheme calls for the prediction
of the system states. The currents used in (1) are not
available from the future. Thus, a complete machine
model in the stalor frame of reference (a,p) with the
fluxes as state variables, and the stator voltages as inputs
is used according to:
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Equation {2) is numerically integrated using Runge-
Kutta second order iniegration. The stator voltages as
only inputs in (2) are predicted quite easily from the
ncarly constant de¢-link voltage and the desired switching
state. Measured currcnts are laken into account afterwards
to correcl the estimated stales. For the claboration of
model corrcction. thus the observer, eq. (2) has already
the commonly used structure:

T=A(0,)-T+u ()

The measured outputs are the currents of the machine:

il(l _ ]_ L2 O_Lh O .[ , W . ]T (4)
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with o=1 —Lhzl(Ll +Lo). Similarly to (3), the outputs
from the model can be expressed as:

¥=C-¥ (5)

Using this model. the torque is given by:



[w/'T]  Flux/Torque
/r [H4] = Dewease/inarease

{332 {~+-} {232 {#,+,-}
o~ %
N £
0 o ‘/?-
S RN

VAN ¥
\,\\ _\?aS Clog P
. - - =i
fii8 @ N e
+/=] = {6}

@}z -} =3

\\[*/v]={5} b
-~ & N
P PR .
- R A N
oyt g TN
L - S
5}2 fmimyt <
{512 { } A
=
P“ )

Fig. 1: Sectors . Voltage and Zero Vectors
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Likewise to [2], we delermine the sector of the (Tux bv
comparing ils componenis \pq. yap with three digital
comparators vy, yv. yw. The comparator outputs allow io
classify the voltage vectors (VV) of the converter (o fTux
and torque increasing and decreasing vectors, illustrated
in fig. 1. The VVm+0 according 1o sector m (i. ¢. {1} is
according to Sectl) is to be used as a mainly flux
increasing VV. The VVm+1 is flux and lorque
increasing, VVm+2 decreascs the flux and increases the
torque. Similarly, VVm-1.2 decreasc the torque.

CONTROL STRATEGY

The main application area of [1] are high power motors
with a considerably large leakage inductance. Duc (o this.
currents and torque change relatively slow. This cascs the
digital implementation of the control algorithm using a
DSP. With a large leakage inductance in the motor. 2
quasi-analogue implementation of dircct torque control is
straight forward.

On the other hand. up 10 now the main application area
of [2] are medium and low power drives. having smaller
leakage inductance. Especially servo drives show a smali
leakage inductance in order 1o achieve highk dvnamics.
Thus, currents and torque can change very quickly, To
keep the torque within the desired hysteresis band. the
switching states of the inverter must be changed in short
intervals. This means, for a quasi-analogue implementa-
tion, a very high repetition rate of the control algorithm is

necessary. For a servo drive, the torque may travel
through the hysteresis band in less than 5 ps. In this case,
a quasi-analogue implementation is not satisfactory
because the computational effort would be too high. Using
a predictive algorithm, fast switching sequences can be
calculated in advance. The computation time may be
equally distributed within two successive switching
intervals of the inverter,

DMTC inherenily uses constant switching Trecquency
and determines two switching events in advance for a
fixed cycle ts. The aim is to place the switching events
directly in a way that the mean torque over the cycle is
equal to the desired value. In most cases, alternate
switching of a voltage vector (VV) and a zero voltage
vector (ZV) satisfies the demand. Fig. 2 shows the control
structure of DMTC,

Fig. 3 shows a typical cycle of operation. Applying a
VV first. the torque increases at the beginning. Then,
applying a ZV. the torque decreases. In {4] the timing of
the switching events was detcrmined by equalizing the
different hatched areas in fig. 3. In that case steady state
will not be reached at the end of the cycle, if T(t,) =
T(ta+1) and T(ty+1) = T(tas2). In this Paper we mainly usc
another algorithm {3]. which reaches steady state at the
end of the cycle.
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Figure 3: Typical operation cycle of DMTC

TORQUE CONTROL

In steady stale, the torque T(i,) at the beginning of a
cycle should be equal (o its value T(t,.1) at the end.
Instead of simply ¢qualizing the different hatched areas
for the cycle n. it should also be possible to swilch the VV
to reach directly the value of T(l..;) according to steady
state, thus

T(ty+1) = Tena = Trer — V2 - £T. %)

where T is the "virtual hysteresis width™. Sustaining flux
and torque as well, VVmzl is normally the most taken
VV. Hence we assume €T as the “virtual hysteresis width®
while using VVmz1. ¢T can be expressed as:

T = Tyy  hyy == Tzv - hzy == Tzy * (ts = hyy) (8)

Tyv can be calculated by deriving (6). Since the state of
the machine at ty+hyy 1s not known yet, 1t is the easiest
way 10 get Tzv from the last cycle:

T(t,)-T(tgg)

T,y = &)
zv th~toid

We eliminate hyv in (8) to get:

el = ___VV_ZV_.tS (10)

TVV - TZV

With Tyy = Tyv1. this equation is used in (7) to detcrmine
the instantanéous torque to be reached at the end of the
cycle. To avoid torque offsets. €T must be limited to
eT > Tyvyi-hmy. where hgs is the shortest swilching
interval of the inverter.

Based on fig. 3, a presclection of the VV is done. If the
aspired value of T(ty.) (i.e. Trer— Y4 - £T) is greater than
the value which would be reached when applying the ZV
all the cycle time (i.e. T(t) + Tzy - ts). then VVm+0,1,2
are preselected. Thus, the counter clockwise rotation (i.e.
VVm+0,1,2) is chosen if

Tt — ¥2-€T > T(t) + Tov - ts. 1n

Otherwise, we use VVm-0,1.2.

For given TW =T vvo12 of VVmt0,1,2, we search its on-
time hyy to attain exactly Tgua. The torque T(t,+1) at the
end of the cycle can be expressed as:

T(ty,1) = T(t)) +Tyy -hyy +Tzy - (ts —hyy) a2)
Solving this equation for hyy leads with (7) finally to:
T ~T(ty) —V2-sT—tg - Tpy

Tyv —Tzy

hyy = (13)

Ordinarily, a VV should only be applied, if the result
of (13) is within hp, < hyv € tehgn In this case, the
torque will stay in the “virtual hysteresis band”. Since €T
has been caleulated for Tyvi, VVmtl (= hvyy;) satisfies
the demand. For lower angular speed of the flux vector,
Vvm=+2 is well suited, too, whereas VVmz0 has to be
checked out. Depending on the state of the machine,
VVmz0 may increase, or even decrease the torque.

FLUX CONTROL

Since high dynamic torque control is our main goal,
the flux controller should not interfere with it. Similarly
to [2]. the stator flux is kept as close as possible to a
circular trajectory. After the preselection of the
VVvmz0,1,2, the flux controller uses the flux propagation
and some supplementary rules to choose the appropriate
VV. The length of the flux vector and its derivative are

given by
w1 =y =y i+ wis (14)

V1= (Wie Wie +Wip W) [/ Wi (13)

For the VV, 1 yv results from (2), whereas for the ZV,
similar to (9), y1zv can simply be taken from the last
cycle:

Wi1zv = (Wtoid) = W(tn) ) / (ta—toia) (16)

Starting from (13) of the torque controller, and vy, we
can predict the evolution of the flux vector over the next
cycle for each VV. At higher speed, the flux controller
chooses between VVm=l and VVm+£2 to influence the
flux. A common problem of DTC methods is the flux
maintenance al lower speed. because the on-times of the
VV decrease. First the controller checks if the VVmz0 is
able to control both flux and torque. Its on-time hyvyo is
limited to hyvoms: by the maximum flux increase which
scems to be tolerable (using Ay from (19a)):

Ay +Co o

h‘\’VO,rnax =C; 17

Wivvo

Empirical tests showed acceptable results with C;=1.5
and C,=2%. If (13) leads to

V2 min € hyve € hyvomax » (18)
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then VVm=0 is adequate o control the torque. If this is
not the ¢ase, and the flux cannot be preserved over several
cycles. it is necessary to apply a flux-supporting VV (i. e.
VVm=0), although the torque control mayv be affecled. 1If
the flux-supporting VV is switched 100 late. flux decrease
has become significant, hence it requircs a longer on-
time. The idea is to detect the necessity ol flux-supporting
V'V as soon as possible 1o diminish its influence over the
torque. A basic intention was to find expressions which
check out relationships between the influences of the
switching states over the flux. Avoiding 1o compare with
absolute quantities has the advantage of uncomplicaied
parameterization for different machines. The algorithm
consists of a set of decision rules. We define its inputs as:

A7 = Ay(ly) = Yrertn) — (L) (19a)
Ayrvvo=Ay =2 hyvo 1 vvo (19b)
Ayyvi =AY = Y2 - hyvy g vn (19¢)
Ayryva = Ay = hyya -4 vva = (s = vy 2) -y e (19d)
Ayzy = W(ts) = W(lold) (19)

Fig. 4 shows the flow chart of the flux controller.
which is performed in fig. 2. block ©. There arc three
principle operation modes to enter:

¢ ”Normal Modec* where 1o chose between [lux
increasing VVm=1 or flux decreasing VVm=2.

¢ “Consider Flux-Supporting VV* where VVm0 may
only be switched without torque disruption, VVmz]
otherwise.

¢ "Force Flux-Supperting VV* where VVm+0 must be
switched, although Tgugvvo # Trer — ¥2+€T .

In "Flux-Supporting VV* mode, decision G, if Tyvo
decreases the torque error (i. €. TirT(tn1) —V2-€T),
VVm=0 is switched for hvvoma t0 keep the torque as
good as possible. Otherwise, hyve is reduced. The
resulting torque error over such a cycle can be taken into
account by adding it to T just for the next cycle,

The decision rules A-G in fig. 4 are mainly
{— condition is satisfied, -+ otherwise):

Ar Ay 2 Cryer (e C3=3%)

AND wi(t) -~ yita) £ 0 = G B
B:  Ayyy <0 - C 5D
C: JAawyvi] £ [Apvya| S VVmEl - VVmE2
D:  hpin < hyvo € hyvomas — E - F
E:  [Ayvvol £ [Ayvw | o VVmE0 -5 VVml
F:

A\{I > —-075- lg- \il]‘zv

AND  hyyi - yrvvi + (s —hyyi) " yrzv £ 0
) -G 4 VVimzl
G:  sign(Tyvg) = sign(Tyv)
— VVm=0 first. then ZV. hyvo=hyvomax
-+ VVm=+0. inverted switching order,
hvvo=hvvo

For the branches A ~» G, 1¢sp. F = G, hyvomn 1S set to

Ay =Y Ay gy,

Bvo.mina = , (20a)

WVivvo

Ay — (tg ~hyyy) - Wzy
W1,vvo

NyvominF = Ca- (20b)

Since branch condition A (fig. 4) checks for a somewhat
critical fiux decrease, (20a) results in longer on-times.
Sctting Cy="2. (20b) assumes that, in the succeeding
evele. VVm] will provide a certain flux increase, too.

Some¢ additional constrainis are generally included for the
branch conditions to avoid suspicious switching patterns:

e  When entering “Force Flux-Supporting VV* mode, a
flag is sct. After this cycle, we never use flux
decreasing VVm=2.

» “Force Flux-Supporting VYV mode is never entered
alter a cvcle with VVmi£2,

MACHINE OBSERVER

Fig. 2 contains a block @ "Machine Model & Observer™,
Its purpose is 1o deliver (predicted) values of the fluxes,
the torque and its derivatives. A Luenberger observer is
used. which consists of the machine’s equations (2), (3),
(5). and the feedback matrix Ky(o.,) as shown in fig, 3.



vy g

Con_trol Inverter
algorithm 2
AN . e
1 Switching state|  INduction
- Motor
Up Uge —

Fig. 5: Structure of control with observer

The control algorithm needs the observed states X not
only at the equidistant points {..tn. lyi....} but at all
switching events of the inverter {.t,, tath., U
tpe1Thi,...}. The states for these non-equidistant points
arc obtained by integrating the model numerically using
Runge-Kutta second order method. The step size is
chosen so that the boundaries of the integration intervals
coincide with the switching events of the inverter. The
speed oy, is assumed Lo be constant over a cycle ts.

The main task in designing the observer is Lo set the 2x4
feedback-matrix Ky(on). Here. a Kalman filter has been
chosen. Its principle is 1o calculate the oplimal gain as a
function of covariance matrices of the process noise Q,
the measurement noise R. and the state ecrror P. thus
K,=f{&m, P, Q, R). In [6]. the matrices Q and R are
assumed Lo be constant, whereas P is updated each step
using the actual state prediclion error (X — X). In our case,
the real time implementation of the complete algorithm,
especially the update of P and Ky(tg. P). would exceed
the computational recources in the desired cycle time. On
the other hand. afier numerous iicrations at constant
speed, P varies less and less. Ky(mm. P) reaches a steady
state. and may be stored in a lookup table K, = f(om) [7].
fts implementation is quite simple and fast. In this paper.
1o get P in steady state. we use the function 1ge [8] for
solving the Riccati-Equation (21) and getting directly Ky:

PCTRICP-PAT-AP-Q =0 QU
K, = (R CP)T (22)
The determination of Q and R is a delicate task. The
switching delay of the inverler cause some process noise,
slot harmonics too. Due to the switching delay and very

high current slopes (i. €. 0.3 A/us). the apparent measure-
ment noise may become important. We have chosen:

64 0 00
0 6400 , 10] ,
0 001

Numerical restrictions of lge obliged us to define
Cqr = 100. It is to be mentioned that only the relationship
between the elements of Q and R affecs the result. Using
diagonal matrices for Q and R results in a symmetrical
structure of Ky:

kpir ke | [ keir k21| [ kKer —Kp2
k k k k k k

K, —| Kozt Boz | Koo Ko b2 Kol
kysy Kpsz | | koar —kpar| |[Kos —Kpg

Kpq1 Kpaz | | koar  Kosi] [Koa ki3

For this example, fig. 6 shows the elements of Ky(ey) for
a speed range from =3300 rpm 1o +3300 rpm.

o P S [N

Ky Axis ko1 T Kpg
—L = | i (o O Ky
VIh Break!

; - T
-3000 -1500 0
Fig. 6: Elements of the feedback matrix

As two elements the system matrix A depend on the
speed. the numerical solution is repeated for different
values oq over the speed range. To achieve a smooth
behaviour, the resulting Ky{e,, v} are used for cubic spline
approximations in ten overlapping intervals. Since on
varies siowly, the on-line adjustment is not time-critical.

IMPLEMENTATION ON DSP

The control algorithm induces some constraints. In con-
trast to quasi-analogue implementations, it is not possible
to estimate the state of the machine based on actual
measured quantities, because the currents of the machine
change too fast. The delay between measurement and
selection of the appropriate VV would be too large.

A quasi-analogue implementation observes always the
slate of the machine in order to match the switching crite-
rion (i. e. the hysteresis boundary) as good as possible, A
simple machine model allows to increase the sampling
frequency. resulting in a considerable lower switching
frequency. In our case, a fixed switching frequency of
about 6.67 kHz is used. The average switching frequency
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Fig. 7. Implementation of DMTC in DSP TMS320C30

per transistor is with DMTC usually half of the control-
lers switching frequency, thus 3.33 kHz. The cyele time of
150 ps is long enough to accomplish all tasks (fig. 2. 4. 3).

Fig. 7 illustrates the consecution of the control
algorithm. A well defined time ahead of the switching
instant t,, a timer interrupt (TINTO) is generated. The
control algorithm compares flux and torque of the model
predicted for t,.; with its setpoint values. Then thc control
scheme described above is processed. The sccond timer

80
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Fig.8: Experimental start-up and stop. Ty = 33Nm

(TINT1) is programmed for the on-time of the VV. At t,
the VV becomes active and the counter for TINT1 starts.
The different branches of the flux controller may cause
varying delays for the computation whereas the model
requircs exact consistency to t,. This problem can be
solved by polling the timer of TINTO, waiting for t,. After
switching the VV, the states at the beginning of the next
cycle (tw+1) can be predicted. Two Runge-Kutta steps are
calculated, one with the step-width hyv applying the VV
to the model and one with hyy and zero voltage.

EXPERIMENTAL RESULTS

The control scheme has been implemented on a DSP
TMS320C30 at 40 MHz, mainly programmed in high
level programming language C. To show the performance
of the observer, fig. 8 presents a brief start-up to
oy = 80rad/s, followed by a deceleration to zero. A fast
change of the measured current can be noticed. The obser-
ver feedback is in the 2%-range of the intermediate circuit
tension ug.=600V. A load observer with two poles at
ATiobs =—1600rad/s has been implemented. Its results
depend strongly on the knowledge of the electrical torque,
thus the quality of the machine’s observer. Only shorl er-
ror transients of aboul 13% nominal torque (Tw) occur.
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