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Abstract — During the last decades several proposals have been made
in literature to use predictive control for inverter control — especially
in electrical drives. These algorithms are completely different to the
recursive but linear predictive algorithms known from information
theory, where closed mathematical equations are used (e.g. Kalman-
filters).

Only few of the presented schemes have been realized in industrial
applications so far. After some further progress, however, the advan-
tage of predictive algorithms might lead to an increased number of
industrial implementations in the future.

Besides the common basic idea — to use the well-known but strongly
non-linear behaviour of inverters to precalculate the best switching
times — there are many differences in the details of these proposals.
This contribution shows similarities and differences and attempts to
design a “family tree” of predictive control algorithms. This might
grow to a first step to a theoretical approach to deal with predictive
control schemes in a more generalised way.

1. INTRODUCTION

First ideas of predictive control have already been
proposed in the 1960s [1]. Meanwhile lots of papers
on predictive control have been published [2-10]. Nev-
ertheless field oriented control still is state-of-the-art
in industrial drive applications.

Behind the simple expression “predictive control”
there is a variety of different control methods. Most of
these methods have been proposed by different au-
thors independent from each other. Having a closer
look, it is clear, that in spite of their individual devel-
opments there are many similarities between the dif-
ferent algorithms. For a more generalized way to deal
with predictive control it is useful to design a “family-
tree” of the different control methods. A first attempt
of designing this kind of “family-tree” has been made
on the IEEE pesc’00 conference in Galway [11].

This paper gives a classification for different pre-
dictive control algorithms dividing them into classes
of predictive control. After explaining the general idea
of predictive control, the different classes will be il-
lustrated and a family-tree will be designed.

. PREDICTIVE CONTROL — WHAT IS THAT?

As the expression “predictive control” can be un-
derstood differently and is already used by informa-
tion technology in different ways, a short definition of
“predictive control” is useful. Predictive control means,
that the behaviour of the controlled system is precal-
culated by a model of the process. This model is most-
ly based on differential equations or equivalent cir-
cuits, but could also be very simple as in the case of
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so-called “predictive PID-controllers” according to
[52], that predict the future error with a simple linear
interpolation — in this case the model is just a linear
curve.

The main principle of most predictive control
schemes is illustrated in fig. 1. Since the inverter has
only a finite number of switching elements, the number
of possible switching states is limited as well. For
each of these switching states an equivalent circuit of
the drive system without switching elements can be
defined. Therefore the behaviour of inverter and ma-
chine can be calculated separately and in advance for
each of the switching states. Comparing the results of
the calculation with the desired behaviour of the sys-
tem, the optimal switching state of the inverter can be
derived. Then the next switching state and switching
time will be calculated using the corrected values.

State-of-the-art in most drive applications is the
field oriented control. Basically there is a threefold
cascade structure consisting of current/torque con-
trol, speed control and position control. Consequent-
ly, there are three different controllers: position, speed
and current/torque controller.

The major problem of cascaded control structures is
the limitation of the dynamic behaviour caused by the
cascaded structure itself. The inner loop must be as
fast as possible to reach an acceptable dynamic be-
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Fig. 2. Basic structure of a Predictive Controller

haviour of the whole cascaded system. This requires
the use of high performance controllers only to deal
with the inner control loops in acceptable calculation
times (e.g. several microseconds).

The non-linear characteristic of inverters, which is
usually considered by linearization, represents anoth-
er problem. Linearization, however, leads to inaccura-
cies in the description of the inverter and drive char-
acteristics. In spite of many adaptation circuits, a non-
optimal behaviour of the whole drive system and more
side effects are the result.

The typical structure of a predictive controller is
shown in fig. 2. This example shows a position control
system. The state variables of the drive are fed into a
mode! of the machine and the power electronics. The
information derived from the model is transferred to a
unit called “prediction and calculation”. This unit can
be regarded as the heart of a predictive control sys--
tem. Comparing the actual machine state with the ref-
erence value of the drive position, the correct switch-
ing state of the inverter will be chosen corresponding
to the implemented optimizing criteria, which for ex-
ample can be the minimum switching frequency, the
minimum current distortion or the minimum torque
ripple.

In contrast to standard closed loop controls, predic-
tive control uses the fact, that the switching behaviour
of an inverter can be calculated and therefore predict-
ed. The response of the drive to a certain switching
state can be described by mathematical equations. The
cascade structure disappears, because all measured
system variables will be considered by only one con-
troller. Since there are no cascaded control loops any
more, the dynamic of the control system is improved.

Non-linear characteristics of the inverter and drive
can be considered in the model and the predictive
controller. As the behaviour of the controlled system
is described by models considering non-linearities (e.g.
by non-linear mathematical equations), predictive con-
trol is a possibility to control an inverter supplied
drive with high dynamic and sufficent accuracy in
spite of the non-linear characteristics of inverter and
drive.

I11. PREDICTIVE CONTROL STRATEGIES

It is possible to separate the different predictive
control strategies published so far, into three families:
Hysteresis based, trajectory based and model based
predictive control. These “classes” of predictive con-
trol will be explained in the following paragraphs.

A. Hysteresis Based Predictive Control schemes

Hysteresis based predictive control strategies keep
the controlled system variables between the bounda-
ries of a hysteresis area or space. The most simple
form of this principle is a so called “bang-bang-con-
troller”. Although bang-bang controllers usually are
not considered as predictive controllers in literature,
they clearly show the characteristics of a typical pre-
dictive controller. An improved form of a multi-di-
mensional bang-bang controller is the predictive cur-
rent controller proposed by Holtz and Stadtfeld [3].

Using predictive current control, the switching in-
stants are determined by predefined error boundaries.
As an example fig. 3 shows a circular boundary, the
position of which is controlled by the current refer-
ence vector ig*. When the current vector jg touches the
boundary line, the next switching state vector is deter-
mined by prediction and optimization, which in this
case is a mimimum switching frequency.

Since 1983, when the algorithm was published, the
demand for low switching frequency has decreased.
Today different optimizing criteria have more impor-
tance, e.g. low current distortion or low electromag-
netic inferences (EMI). Modifications of the predic-
tive current control are consequently under consider-
ation.

B. Trajectory Based Predictive Control schemes

The principle of trajectory based predictive control
strategies is to force the system’s variables onto pre-
calculated trajectories. The first trajectory based pre-
dictive control schemes have been published in 1983
[6] — at that time, however, the application was a line
commutated converter, Some time later control algo-
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Fig. 3. Predictive current control, boundary circle
and space vectors [3]
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rithms according to this strategy like Direct Self Con-
trol (DSC) by Depenbrock [13] or Direct Mean Torque
Control (DMTC) by Flach, Hoffmann and Mutschler
[9] were published for asynchronous drives. Some more
methods like Sliding Mode Control [1] or Direct Torque
Control (DTC) [2] are a combination of hysteresis-
and trajectory-based strategies, whereas Direct Speed
Control (DSPC) by Mutschler [14] can be identified as
a trajectory-based control system, though it also has a
few hysteresis-based aspects. DSPC is explained here
as an example of trajectory-based predictive control-
lers.

The initial state of the system is assumed being e/
ai. Now, “torque increasing” and “torque decreasing”
voltage vectors are switched in a way, that in steady
state, the system state moves along the path +Hy-
ey+p/ayy—Hy—ey+3/ay+3—+Hy (fig. 4). Hence the speed
error e is kept within the hysteresis band between —Hy
and +Hy.

The algorithm of DSPC clearly shows the main prin-
ciple of trajectory based predictive control. Foreknowl-
edge of the drive system is used to precalculate the
optimal switching states instead of trying to linearize
the nonlinear parts of the system and then control
them by Pl-controllers. The speed can be controlled
direcly without and cascaded structure.

C. Model Based Predictive Control schemes

Whereas there seems to be a kind.of relationship
between hysteresis based and trajectory based predic-
tive control strategies, model based predictive control
(MBPC) is founded on completely different ideas. Hys-
teresis and trajectory based algorithms only use the
actual system values to calculate the next switching
state of the inverter. MBPC also takes into account the
past and searches for the best switching state not only
concerning the next cycle but up to a specified hori-
zon in the future. Clarke [15] gives a good survey on
model based or adaptive predictive control and its
historical development.

Fig. 5 shows the typical structure of Model Based
Predictive Control. Its central part is the model, which
is used to predict the future behaviour of the system.
This “total respose” is calculated up to a finite predic-
tion horizon. The difference between the future refer-
ence and the total response results in the future errors

constraints —*

Fig. 4. DSPC: Trajectories in the e/a-state plane [14]

of the system enabling an optimizer to determine the
best set of future controls u(#+j).

A problem of MPBC is the high demand for calcula-
tion performance. Due to the precalculation of all sys-
tem states up to the prediction horizon huge matrices
must be calculated. As a result of this, almost all ap-
plications have been made in the field of chemical
engineering, where the sample rates are much lower
than in drive systems [16,17]. Papers presenting MBPC
used for controlling inverter supplied drives (e.g. [18]),
only use it as speed controller.

Several proposals have been made to cope with this
disadvantage of MBPC [19,20]. Nevertheless the ap-
plicability of MBPC was recently proved by imple-
menting a cascaded GPC-controller using a Pentium-
Processor with 233 MHz clock rate [21]. A sample
time of 125 us could be achieved.

IV. SUMMARY

A family tree of predictive control can be designed.
As shown in fig. 6, control methods with trajectory or
hysteresis based algorithms are intensively interlinked
and therefore related to each other. Model based con-
trol is founded on completely different strategies and
forms a family of its own. Since the individual algo-
rithms of MBPC only differ in the model of the system
and the type of the objective function, but not in their
basic structure, they are not all included in the family
tree of fig. 6.
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Fig. 5. Typical structure of MBPC [15]
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The examples presented in this paper show, that
predictive control is an interesting alternative in com-
parison to conventional cascaded control. The advan-
tages of predictive control are a better representation
of non-linear systems, the possibility to use the fore-
knowlegde of the drive system and — in many cases —
no need for a cascaded structure.

Predictive control cannot be compared with Fuzzy
control as some authors try to do, because it is some-
thing completely different. Fuzzy control is especial-
ly suited for controlled systems, where the physical
background is completely unknown or very difficult
to be described mathematically. Using Fuzzy control
for electrical drives would mean to ignore totally all
foreknowledge of the system and therefore stands in
direct contrast to the basic principles of predictive
control.

The same situation (all foreknowledge of the drive
system is completely neglected), arises using Neuron-
al-Network schemes or Genetic Algorithms. Control
schemes taking care of any foreknowledge, like real
predictive controllers, must be superior to those not
using it.

Although predictive control has been known for
more than 15 years, industrial applications are still
very rare. Almost all implementations have been made
only for research investigations, except for Direct Self
Control [13] and its derivates like e.g. Direct Torque
Control [2,22]. The challenge is the commissioning of
a predictively controlled drive. Since there is no cas-
caded structure, a step-by-step procedure as used in
cascaded structures is not applicable. The nonlineari-

hysteresis based strategies

ties must be implemented into the control structure
and the parameters of the model must be determined.
For an easy-to-do starting process a self-commission-
ing feature is necessary to increase the number of
industrial applications.
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