IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 4, APRIL 2022

4225

Predictive Finite-State Control—When to Use and
When Not

Joachim Holtz

Abstract—A multistep predictive algorithm eliminates over-
shoots of the current vector outside the boundary circle while
the processor identifies the next optimal switching state vector
following a boundary transition. The predictions of the current
vector trajectories refer to a simplified machine model consisting
only of the leakage inductance. Nevertheless is good accuracy of
the predictions achieved. Operation at low switching frequency
minimizes both harmonic distortion and switching losses. Using
higher switching frequencies does not lead to noticeable improve-
ment over ordinary carrier modulation. Maximum fundamental
output voltage is achieved by predictive overmodulation.

Index Terms—Medium-voltage drives, optimum pulsewidth
modulation, overmodulation, predictive control.

1. INTRODUCTION

HE control of the power flow between two electrical
T systems is generally done using pulsewidth modulated
converters. Recent advancements of the technology are charac-
terized by increased power ratings on one hand, and the advent
of new modulation techniques on the other hand.

The potentiality of predictive control was first published in
1983 [1], [2], but has remained unnoticed by the scientific
community for many years. Only recently have a great many
publications appeared on that method [3]-[9]. Biannual con-
ferences were held [10], [11]. Papers of a special section on
predictive control cover three volumes of IEEE TRANSACTIONS
ON INDUSTRIAL ELECTRONICS [12]-[14]. Also, two books on
predictive control have appeared [16]-[18]. An overview of
pulsewidth modulation and predictive control is given in [7].

It is a common misconception of the capability of predictive
control that operation at higher switching frequency reduces the
harmonic content of the ac currents. The opposite is true: the
modulation quality tends to get worse than the computationally
most simple method of space vector modulation.

An adequate strategy for predictive control will be demon-
strated by describing the performance of this method under the
following conditions.
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1) The model consists only of the leakage inductance of the

machine.

2) The boundary dimensions are large to enable operation at

switching frequencies of a few 100 Hz.

3) Multistep prediction is employed to eliminate current

overshoot.

4) Receding horizons are not considered.

The advent of power semiconductor devices having maxi-
mum ratings of 6.5 kV and 8 kA requires their application at
extreme low switching frequencies. Only optimum modulation
methods are capable of maintaining the switching losses at a
tolerable level. Replacing pulsewidth modulation techniques by
predictive algorithms is the answer.

The objective of a predictive algorithm is to select the most
suited switching state from the set of discrete switching states
of a particular power converter. Such predictive controller com-
mands a finite control set.

Although predictive algorithms are preferred for controlling
high-power multilevel inverters, a two-level inverter topology
will be used in the analysis for better insight. The conclusions
are nevertheless valid: the optimal switching state is always one
of those three vectors located in a close neighborhood to the
vector of the induced machine voltage, independently of the
number of voltage levels.

This article is organized as follows. The predictive algorithm,
its extension to multistep prediction, and the large-signal re-
sponse to higher transients are explained in Section II. Sec-
tion III describes predictive overmodulation, and Section IV
demonstrates that the influence of varying machine parameters is
ineligible. Section V proves that predictive control is an optimal
modulation method.

It is the objective of this article to demonstrate that predictive
control

1) produces optimal results only at low switching frequency

operation, as shown in Section V;
2) does not require high-frequency state variable updates;
3) does not require elaborate models for predictions.

II. PREDICTIVE ALGORITHM
A. Principle of Operation

A simplified machine model in Fig. 1 is composed of switch-
ing state vector uy as the input voltage vector, and the estimated
total leakage inductance [,
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while the estimated vector of the back EMF w; is provided by a
superimposed vector control system (see Fig. 2).

Predictive control is an event-triggered closed-loop
pulsewidth modulation scheme, controlled by the stator
current reference vector i* with the stator current vector is as
the feedback signal. The signal flow graph is shown in Fig. 2.
The predictor is activated whenever the magnitude e = |i;* — iy|
of the current error exceeds a given maximum value ey, ,x. This
happens at time 7.

The current error e is continuously monitored. The predictor
sends all possible switching states k to the model whenever
the condition e > |e max| holds. The model then returns the
respective values of the current signal i4(k) and its derivative
dis(k)/dt. These serve to predict k error trajectories, approxi-
mated by straight lines as shown in Fig. 3.
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Fig. 4. Multistep prediction.

The objective function determines the optimal switching state
vector kP!
At (k)

———~ — max 2)
Ne

where

is (1) — s (to)
dis/dt

is the time during which the current vector remains within the
boundary circle, and 7. is the number of commutations required
to apply the optimal vector.

The boundary circle B sets a limit beyond which the stator
current vector must not go. The location of its center point is
defined by the reference vectori,*.

As time elapses, the reference vector displaces fromi,*(¢y) to
is*(t1), and the boundary area displaces from B(t;) to B(#1), both
at the angular stator velocity wg. At 1, there occurs a boundary
intersection, which starts the prediction of the future current
trajectories. The evaluation of (2) and (3) for all switching states
k and the selection of the optimum switching state introduces
a time delay. The result is available at 5. By this time has the
current vector gone far beyond the boundary circle which creates
a substantial current overshoot. Additional commutations are
needed to make the current return into the boundary.

The graph shows that the resulting current trajectories may
not allow the current vector returning into the boundary circle
with only one commutation. Periodic overshoots result in even
more harmonic current distortion, which is a common deficiency
of event-triggered modulation techniques: the occurrence of a
trigger event does not immediately produce the required action.
A delay time elapses until the next action is computed. This
drawback is cured in the following.

At (k) = 3)

B. Multistep Prediction

The method is used to avoid current overshoots. It is explained

with reference to Fig. 4. It predicts the following:

1) the trajectory of the reference vector i,*, the trajectory of
the current vector i, and the time instant ¢, of its boundary
transition,

2) the current vector is(f2) and the induced voltage w;(t2),
both to update the model;

3) the k possible current trajectories, and from these

4) the optimal switching state vector uy opt(t2);
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5) the squared error vector e%, advanced in time by At =1t —
to, where At, is the time required for predicting positions
1)-3).

The above predictions rely on linearized error trajectories

e(tk) =1 (t,k) —is(t,k), and is expressed as

de(t, k
e(tk) = elto) + LR 5 @)
dt |,
where A; = 5 — t5. We have from (4) that
de (t,k)|  dif(t)  dig (t, k) 5)
dt |, dt |, dt |,

The two derivative terms in (5) are

dis (t,k) uk (to, k) — ui ()],
= = (6)
dat |y, Iy
and as a linear extrapolation
di, ()| _i(n)—ij(n—1) )
dt . tn —tn-1
0

where n and n — 1 mark the last two samples of the reference
vector.

Identifying the optimal switching state using the multistep
prediction method exploits the fact that the magnitudes of the
error vector at 20 and at the next boundary intersection to zero are
identical. The calculations start with squaring the error function:
open 4, which yields

e (t,k) = e*(t, k) oe® (t,k)

de (t, k) de (t,k) . \°
_ 2 ) )
=e (t()) + 2e (to) 7dt At + (dt At
)
where
de(t,k)  [de(t, k) de* (t, k)
da \/ dt |, ST “ (82)

since the square x> of a complex variable x is the inner product
x° x*. Variable x* is the conjugate complex of x.

The squared functions appear in Fig. 5 as parabolic curves.
The dotted green line represents the squared error at ¢ < 0, i.e.,
before the prediction has been started.

The objective function (2) commands maximizing the time
interval from ¢ = 1y until the next intersection. The number n. of
commutations in (2) is a penalty. Switching state k = 3 in Fig. 5
is only optimal if it can be applied by a single computation,
otherwise k = 1 may be a better choice.

Equation (8) is written as

e (t, k) = € (to) + a1 At + a At?. (9a)
Adding the term e?(t, k) at the right of (9a) yields
e (t,k) = e* (to) + a1 At + as At = €% (t, k) (9b)
from which we obtain the modified objective function
1
At = o — max (9¢)

az Ne
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in which €? (fy) is eliminated and

2
[ de(t, k)
, a2 = (dt tO) . (9d)

The solution of (9) for all k provides the optimal switching
state kopt(#2). The processing of data (9) is completed at t = £
as shown in Fig. 4. The remaining time difference 75 — #; is a
safety margin, marked as a green line. Switching state kopt(z2)
is activated at the next boundary transition.

As the full computing capability of the processor is needed
for the optimization, the output of the squared error signal ¢> and
its predicted value &2 is discontinued during the respective time
intervals Atg. Only their last values that remain in the respective
memory cells are seen in Fig. 6. The waveforms are displayed
over a portion of the fundamental interval in this graph.

With the optimum switching states being applied, the current
vector continues moving toward another boundary condition.
The next cycle to calculate an optimal switching state is started
at instant 7y, the same way as illustrated in Fig. 4. The boundary
intersection occurs when the current vector has caught up with
the moving boundary circle at t = #,. The optimum switching
states vector is activated without delay.

de (t, k)

ayp = 2e (to) dt

to
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C. Large-Signal Error

A large-signal error situation is displayed in Fig. 7. A com-
manded reference change displaces the reference vector from
is*(ty) to is*(#1). It increases the error magnitude beyond the
radius |e,,.«| of the boundary circle. The condition

(10)

|15 — is] >> emax

then holds, indicating that the current vector locates outside the
boundary circle B(ty). A switching state ko (f2) is computed,
evaluating the inner vector product

(i5 (n) — 15 (n — 1)) o uy, — max

an

for all k, where i,*(n — 1) is the reference vector that existed
before the commanded change. The new switching state is
readily available when the current trajectory has come up to
point P. It forces the current vector back into the interior of the
boundary circle.

III. OVERMODULATION
A. Principle of Operation

The maximum fundamental output voltage is obtained in
the six-step mode [19], [20]. A two-level inverter activates
a sequence in time of the six active switching state vectors
during the fundamental period. The resulting current trajectory
at six-step operation is shown in Fig. 8 in stationary coordinates,
and in Fig. 9(c) in synchronous coordinates. The boundary
area has a rectangular shape to fully accommodate the current
trajectory.

The modulation range is extended by predictive overmod-
ulation. The circular boundary area is replaced by a larger
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Fig. 9. Rectangular boundary area. (a) Operation at very low speed and m =
0.2. (b) Transition to the six-step mode and m = 0.91. (c) Six-step mode and m
=1.

boundary area of rectangular shape, aligned with the rotor flux
vector. Current state variables i, and i,* are referred to in field
coordinates.
The modulation index is normalized by the fundamental volt-
age uj at six-step operation
U1

12)

m=————.
U1 six—step

While the modulation index is low, e.g., m = 0.2 in Fig. 9(a),
the current vector hits preferably the horizontal boundaries,
thus controlling the g-component of the current vector and
setting the machine torque to its commanded value. Medium
modulation index occur preferably transitions at the vertical
boundaries since errors of the magnetizing d-component occur
rarely at the corresponding angular velocity w of the reference
frame.

When coming up to the upper limit m,,x = 0.91 of linear
space vector modulation, the transition to higher modulation
indices starts the overmodulation mode. The corresponding
current trajectory is shown in Fig. 9(a).

As the modulation index further increases, the trajectory
of the fundamental current iy is perpetually reflected at the
right boundary [see Fig. 9(b)]. The reflections occur ever more
frequently as the modulation index increases. Since the al-
gorithm operates in field coordinates, each reflection at the
right boundary forces the current vector to rotate in a posi-
tive direction. Operation at the fundamental frequency is thus
established.

As the modulation index continues increasing, the number of
reflections at the horizontal boundaries tend to reduce, until only
those at the right boundary remain. The increasing modulation
index lets the reflections at the right boundary increase in num-
ber. This leads to a smooth transition to the six-step mode [see
Fig. 9(c)]. Only reflections at the right boundary remain when
the modulation index has come up to m = 1.

B. Numerical Analysis

The stator winding of an induction motor is described by
dig

I =2 =

7 (13)

— (1o + jwsly) ts — Ui + ug
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where [/, is the total leakage inductance, rs describes the effect
of the winding resistances of the stator and the rotor, w; is the
stator frequency, and u; and u, are the induced voltage and the
stator voltage space vectors, respectively.

The resistive components are neglected. The current trajecto-
ries di 4/dt and di ,/dt are

0
lgﬁ = Uq — Told + Wsloig (14a)
dt
i
g% = Uq — Toiq — Wsloia — U;. (14b)

The high computational load solving these equations is re-
duced by replacing divisions with multiplications [19]. Equa-
tions (14) are inverted and linearized

lo

. 1
Ttd = (Ud +Wslo—lq) . T’Ld (153)
b _ ( lyia) - — (15b)
Atq = (Uq — Uj — Wslold Aiq

where Aigand Ai, are the respective spatial distances to the next
boundary and At 4 and At are the time durations to arrive there.
The rectangle error boundary is divided into N regions as shown
in Fig. 10. The location at which a g-axis boundary intersection
occurs identifies a particular portion of the rectangle, which is n
=4 in Fig. 10.

The last term on the right-hand side of (15b) is 1/Ai, ~ 1/w,
= const. The last term in (15a) is obtained from a table addressed
by n as a pointer. The table variables are

L, = N . (16)
Aig  n-wq

They are stored in a memory. N = 16 regions were pro-
grammed when the waveforms in Fig. 9 were recorded.

There are three different boundaries at which the predictive
current trajectories can arrive, shown by the dotted trajectory
extensions in Fig. 10. The optimal switching state is determined
by evaluating the sign of the error, sign(is* — i), and the type of
error: g-error or d-error. If the current trajectory hits the upper
boundary, for example, the g-error is negative and the choice of
the optimal switching state is limited to those states that have
a negative current gradient. If it hits the lower boundary, the
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g-error is positive and only states having a positive gradient are
selected.

Neglecting the component in quadrature to the respective
current trajectory approximates the predicted time duration to
reach the next boundary as

n l
At k)= —wag————Ai 17
a(n,k) N e T g (17a)
for the horizontal trajectories and
n ly .
Atg (n, k) = —wgq Aiqg (17b)

N

Ug — Wslstd

for the vertical trajectories, where w4 and w, are the widths of
the rectangular boundary.
The objective function for minimum switching frequency is

Atq (n, k) + Atg (n, k) — max. (18)

It is particularly those current trajectories that propagate in
d-directions that contribute to reducing the switching frequency.

The oscillogram (see Fig. 11) shows a smooth transition to
predictive overmodulation.

IV. PARAMETER SENSITIVITY

The machine model can be of the most simple type. An
estimated value of the total leakage inductance [, is the only
parameter. The resistive components and the magnetizing cur-
rent are neglected. The extrapolated reference vector (7) may be
inaccurate. Satisfactory predictions are nevertheless achieved
because only a few discrete output vectors exist from which
to choose. There is a high likelihood that the optimum vector is
chosen. If a nonoptimal vector is wrongly selected, the next com-
mutation occurs earlier than optimal, which is a minor problem.
The superimposed speed controller (see Fig. 12) compensates
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for whatever deviation has occurred. It uses the rotor model in
rotor coordinates

i ) R) || (R
7 Ty = Ty + lmzs
where 7, is the rotor time constant, w,. is the rotor frequency, ;-
is the rotor flux leakage vector, and /,,, is the mutual inductance.
Superscript (R) refers to rotor coordinates.

The condition

19)

Tr

Imiq

W = —— (20)
Tr¥q
is introduced to transform (19) to field coordinates
duw®
=gy = o + L") @n
where
d&rd " .
r rd — lm 22
[ Yra iq (22)
expresses the real component and
- Imiq
0= — +w |dt (23)
7'rwrd

is the imaginary component. Variable w in (23) is the mechanical
speed. Equations (22) and (23) are visualized in the lower portion
of Fig. 12, which outputs the induced voltage

5 = kelpea - oxp (59) 24)
where the coefficient &, is the coupling factor of the rotor, and
4 is the estimated field angle.
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Fig. 13.  Measured three-level waveforms of the stator current i, and in-

verter output potential u, with switching frequency 200 Hz, fundamental fre-
quency 33 Hz, and modulation index m = 0.85. (a) Space vector modulation.
(b) Synchronous optimal modulation.

V. IS PREDICTIVE CONTROL AN OPTIMAL METHOD?

To answer this question, the modulation strategy described in
this article is compared with other modulation methods. Equidis-
tant pulses are seen at space vector modulation (see Fig. 13(a)
[20]), as opposed to variable pulse spacing at synchronous
optimal modulation (see Fig. 13(b) [20]). The result is a drastic
reduction of current distortion. It is not only the amplitudes of
the harmonic current that are high at space vector modulation,
but also the phase angle deviations (see Fig. 14).

Only at low switching frequency, an optimal pulse spacing
is achieved. Fig. 15 shows the trajectory of the current vector
recorded over a full fundamental cycle. It is composed of the
following two characteristic sections.

1) Those portions which marked red have a longer spatial
expansion. Such a condition prevails when the spatial
distance |u), — u,| between the switching state vector and
the induced voltage is short. This results in a slow displace-
ment of the current vector, and it takes time to reach the
next boundary. The average switching frequency is then
low.

2) Different conditions exist at portions marked blue: large
spatial distances between the switching state vector and
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the induced voltage create a fast displacement of the
current vector. The next boundary transition occurs within
short time.

Itis particularly the extended portions of the current trajectory
with |u;, — u;| being small that let the average switching fre-
quency reduce. The comparison in Fig. 16 of predictive control
and synchronous optimal modulation shows that both methods
achieve low harmonic distortion at low switching frequency. The
maximum switching frequency is 215 Hz.

A normalized value d of the current distortion is displayed in
Fig. 16. The definition takes into account that the rms harmonic
current within a fundamental period T

Ihrms = \/1/T /(T) [Z (t) — il (t)]th

does not only depend on the performance of the pulse width
modulator but also depend on the impedance of the machine.
This influence is eliminated when the distortion factor

(25)

d=1Iy rms/Ih rms six—step (26)

is used as a figure of merit. It refers the distortion current (25) of
a given switching sequence to the distortion current i;, six-step
of the same machine operated in the six-step mode as shown in
Fig. 8.
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Itis concluded that predictive control is an optimal modulation
method.

VI. EXPERIMENTAL RESULTS

Fig. 6 shows recorded waveforms at multistep prediction, and
Fig. 9 shows the trajectories of the stator current vector within
the rectangular boundary area at low speed, at the transition
to the six-step mode, and in the six-step mode. Fig. 11 shows
the smooth transition to predictive overmodulation. Fig. 17
shows that the maximum achievable rms current of a given drive
system versus switching frequency is 1.9 times higher when the
modulation changes from 800 Hz space vector modulation to
250 Hz predictive control. The trajectory of the current vec-
tor within the boundary is shown in Fig. 18. The structure is
recorded in stationary coordinates, rotating with time. The direct
transitions between the respective limits of the boundary area
correspond to the trajectories in Fig. 15.
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Fig. 13 compares the three-level waveforms at space vector
modulation and synchronous optimal modulation, showing the
stator current 7,, and of the inverter output voltage potential u,
at 200 Hz switching frequency.

Fig. 15 shows the stator current trajectory with the longer
switching state durations highlighted in red, and Fig. 16 com-
pares the performance of predictive control and synchronous
optimal control.

VII. CONCLUSION

This article demonstrates that predictive control is an optimal
modulation method. The method reduces both the switching
frequency and the current distortion. Large dimensions of the
respective boundaries provide persisting switching states when-
ever the reference vector and the current vector displace in a
close spatial neighborhood at about the same angular velocity.
The error magnitude then remains small for long durations such
that boundary transitions get delayed. The average switching
frequency reduces, but the harmonic distortion does not.

Applications in the upper power range are preferred candi-
dates for predictive control. Switching frequencies of a few
100 Hz are required to minimize the switching losses. The
dimensions of the respective boundaries are then high.

The switching frequency increases and the harmonic distor-
tion reduces when operating at reduced boundary dimensions.
One would tend to assume that harmonic distortions change in
inverse proportion to the switching frequency. The opposite is
true: small boundaries lead to more frequent boundary inter-
sections, which lets the average switching frequency increase.
Frequent interruptions of the long displacement intervals of the
current vector impair the performance. Optimizing the switching
sequence by displacing the switching instances becomes inef-
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fective. Operating predictive control in the kHz range produces
results similar to hysteresis control. These are worse than space
vector modulation at the same switching frequency [21].
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