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Abstract. Control of drives is often done using an outer
speed loop and an inner current loop. The outer loop is
mostly performed by a PI controller. Its tuning is not trivial.
In this paper a Pareto analysis is proposed to reveal trade-
offs between figures of merit. The drive used for the study
includes a 5-phase induction motor supplied by a voltage
source inverter. A finite-state predictive method is used for
the inner loop (current control). The analysis is done
experimentally, thus including all sorts of non-idealities not
appearing in commonly found models. The importance of
the result lies in showing that arbitrary performance
enhancements are not possible in a general case.

Keywords. Application of power electronics, Digital
implementation, Modeling and simulation of power
systems, PI control, Tuning.

1. Introduction

PI controllers are routinely used in variable speed drives for
speed and/or current regulation. The speed control loop
(outer loop) is used to maintain the mechanical speed close
to its reference value. The current loop has a much faster
time scale and is used to produce stator currents that, in
turn, produce a torque that drives the speed. In the last few
years, there has been a trend in academia to replace PI loops
with more sophisticated alternatives such as Model
Predictive Control (MPC). This trend is a consequence of
the relative success attained by MPC in other realms [1],
[2]. The case of predictive control of drives is exemplified
by the so-called Finite State Model Predictive Control
(FSMPC), where direct digital control of the Voltage
Source Inverter (VSI) is attained. In FSMPC the Pulse
Width Modulation (PWM) stage is no longer necessary,
thus improving the performance of the system as reported
in [3] and [4].

Going back to the speed control loop, the influential works
related to PI tuning for Indirect Field Oriented Control
(IFOC) date from the 1990s and 2000s [5]-[7]. These works
provide methods that utilize some, not very strict,
requirements on knowledge of the time constant of the rotor
of the IM to guarantee global stability. A dynamic model of
the current-fed IM is used as the basis of these methods.
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Some variations have been reported using harmonic
injection [8], but, in most cases, the models do not consider
practicalities such as nonlinearities in the dynamics of IM,
the behavior of VSI+modulation, and aspects derived from
the use of a Digital Signal Processor (DSP) for PI+IFOC
algorithms.

In the 20 years that followed, the state of the art has been
enriched by some papers that expanded the previous works
in a variety of ways. Most of the efforts have focused on:
sensorless operation, estimation of the rotor time constant,
extension of the PI with operating-point based scheduling
and/or adaptivity, fault-tolerant capabilities, and tuning
methods based on extensive simulation/experimentation.
Other technologies have even been proposed to replace the
speed PI but, despite all of this, conventional PI control is
still reported as competitive due to its simple
implementation compared with nonlinear control [9],
adaptive control [10], robust control [11]-[12] and some
fuzzy and/or neural approaches [13]-[15]. The lack of
theoretical models to analyze the above cited practical
aspects and their influence on complex figures of merit
such as the Integral Time-multiplied Absolute Error
(ITAE) has led to the use of an experimental approach for
the PI tuning. For example, metaheuristic optimization
algorithms are used in [16] to optimize the PI.

Moreover, in recent years, there has been a technological
advance in the drives themselves. Motors have moved from
3-phase to multiphase machines and from two-level to
multilevel VSIs [17]. The multiphase case is especially
interesting for this study, as the overall structure of the
controller is IFOC-like. The interaction among phases
makes the tuning of the inner loop PI more complex.
Multiphase drives require at least four PI controllers for the
PWM method and only one predictive controller for
FSMPC. In particular, the existence (in stator currents of
multiphase IM) of a torque producing plane (a—f) and
various harmonic planes (x;—y; with j>1) makes the control
design more challenging. For instance, modulation
schemes for 5 and 6-phase drives have little to do with each
other, yet predictive controllers have the same structure for
both. Therefore, FSMPC has made the problem more
tractable, but at the cost of increased computational needs
[18]-[19]. In addition, the FSMPC method is becoming
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popular due to its flexibility. For instance, modulation
variants that are impossible with PWM can be used with
FSMPC [20]-[21], the mechanical load characteristics can
be considered with ease, and the fault tolerance capabilities
are better utilized [22]. State estimation methods such as
Kalman filtering and observers can also be incorporated
with ease in MPC approaches [23]-[24], expanding its
potential with respect to the PI case.

Speed PI tuning can, in theory, make use of an accurate
model of the IM. However, some aspects have been
resistant to modeling. This is the case of the delay
introduced by the modulation technique used (PWM or its
variants, or even FSMPC). Saturation in some variables
(currents, fluxes, etc.) has also not been considered in many
cases, and mechanical speed sensing can also introduce
delay [25]-[26]. Finally, some figures of merit, such as
torque ripple, are typically not considered in the automatic
control community, yet they play a crucial role in
applications. In this context there is not a set of equations
(or other convenient procedure) to link figures of merit with
controller parameters. The proposal of this paper considers
a reduced set of indices to assess controllers for the inner
loop of drives. These indices summarize the behavior of the
system, as other indices are related to the set. Then, all
possible controller tunings are considered. The Pareto-
optimal solutions are then shown to pertain to a surface of
lower dimension. As a result, any PI tuning must either be
dominated (not Pareto-optimal) or lie in the surface.

2. IFOC Structure used in the Experiments

In the indirect field-oriented control scheme, flux and
torque are independently regulated. The flux current set
point i} is set to magnetize the motor whereas quadrature
current iy is used to manipulate the produced torque. The
PI in the velocity feedback loop is responsible for
generating i to drive the mechanical speed control error to
ZEero.
g [e9)
ig=ky, e+ k[ e(®)dr (1)
where e = w* — w,, is the velocity error or difference

between the speed set point (w*) and the speed
measurement (w,,).

Once the set points in the d—g coordinates are known, they
are projected to the a—f space using the Park
transformation, obtaining a reference for the stator current

in a—f plane as I,_z = D(i;, i;)T, where matrix D is given
by

sinf,

_ ( cosB,
D= ( cosf,

—sinf, ) )

The flux position 8, is estimated as 6, = [ w, dt, where
W, = wg + P - wy,, being P the number of pairs of poles
of the IM and the slip frequency:

[y
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where 7, is an estimation of the rotor time constant R—r,
.

being L, and R, the inductance and the resistance of the
rotor, respectively. As a result, the set point for stator

current tracking i*(k) has an amplitude I* = ’i;z + i;z.

Finally, the a—f references can be expressed as i, (t) =
I'sinw,t, ig(t) = I"cosw,t, ix(t) =0, i;(t) =0 (note
that a distributed winding machine is considered).

A. FSMPC Control of a 5-phase IM

The inner loop of an IFOC scheme is responsible for
producing stator currents in a—f that follow their references
and, at the same time, maintaining x—y currents close to
zero, as they do not produce torque but contribute to losses.
This task can be accomplished using the FSMPC strategy.
A model of the IM is needed to predict the IM behavior for
each possible VSI configuration. Using the vector space
decomposition, the S-phase stator currents are projected in
the energy conversion plane (a—f) and the harmonic plane
(x—y), resulting in equations relating stator voltages, v,(t),
stator and rotor currents, i;(t) and i,.(t), fluxes, ¥4(t) and
Y, (t), and rotor electrical angular speed w,(t) =P -
Wy (t) as follows:

VapBs (t) =Rs iaﬁs ® + plpaﬁs ®)

0 = Ry igpr(8) + PPapr (8) — jo,r () ap- ()
Yaps(t) = Ls igps(t) + Ly iqpr(t)
Yapr(t) = Ly tgps(t) + Ly igpr(t)
VUxyzs @® = Ry ixyzs ®) + pwxyzs ®

lpxyzs () = Ly ixyzs @®)

4)

where p is the derivative operator, and the following
machine parameters are used: resistances R, R,,
inductances Lg, L,, leakage inductance L;; and mutual
inductance L,,,. Sub-index s stands for stator and 7 for rotor.
Stator voltages are produced by VSI according to the gating
signals K; for the VSI legs j=I1, ..., 5 accommodated in
u=(K,, ..., Ks) € B> with B={0,1}. The resulting voltages
Vapxyzs are

VaBxyzs = (vas' UBs» Uxsy Uys» vzs) = % VpcTMu (5)
where V), is the DC link voltage, T is a connectivity matrix
that keeps invariant the original values of the electrical
variables after the transformation but not the total powers,
and M is a coordinate transformation matrix accounting for
the spatial distribution of machine windings.

d vi vs v$ Vi\ /a b b b b
0 vi v2 v3 vil|[b a b b b
T™=|d y; vi vé vé||b b a b b|©
0 vi vi vé va/\b b b a b
Cccccbbbba

The coefficientsusedare:a =4,b = -1,c =1/2,d =1,
yr = cosh?,y; = sinh9,9 = 2w /5 for the five phase IM.
The actual values of the -eclectrical parameters
corresponding to the machine used in the experiments are
given in Table I.
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Table 1. - Parameters of the five-phase IM

Parameter Value Unit
Stator resistance, R, 12.85 Q
Rotor resistance, R, 4.80 Q
Stator leakage inductance, L;; | 79.93 mH
Rotor leakage inductance, L;,. | 79.93 mH
Mutual inductance, L, 681.7 mH
Rotational inertia, J,,, 0.02 | kgm?
Number of pairs of poles, P 3 -

In discrete time £, the control action u(k + 1) is computed
minimizing a cost function J. The cost function penalizes
the stator currents tracking error as J = [|i*(k +2) —
i(k + 2)||?, where i(k + 2) are the predicted currents. Note
the one sampling period delay due to computations.

The developed electrical torque is derived from the actual
values of the direct and quadrature stator currents as
5 L%,

T,==P
2" Lyp+lm

(7

: id iq
3. Experiments

The PI tuning is assessed in this section by means of tests
in the experimental setup described below.

A. Laboratory Setup

The laboratory arrangement depicted in Fig. 2 is used. A
five-phase motor with parameters shown in Table I is
powered by a five-phase VSI constructed from two three-
phase SEMIKRON SKS 22F modules. A 300V DC power
supply is used in the DC-link. The control programs run on
a MSK28335 board housing a TMS320F28335 DSP. Hall
effect sensors (LH25-NP) are used to measure the stator
phase currents. Last, a DC motor is used sharing the same
shaft as the IM to provide an opposing torque load (T}) for
the tests.

. N
= ]
= 5-PHASE IM DRIVE -
IS < -
Phase !
RS232 Currents
Serial
Ports
POWER ELECTRONIC
Switching CONVERTERS (VSIs)
CONTROL Signals l
BOARD mm mm

t Speed Encoder (w,,)

T d

..... ccea

' | 5-PHASE IM

.
Current }

DC MOTOR| Sensors §
DRIVE I pepepeprererepeyeyeeseyeyepepepere
\. J

Fig. 1. Diagram and photographs of the laboratory setup used
in the experiments.
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B. Performance indices

The assessment of variable speed drives can be based on a
variety of quantitative criteria. Different applications might
put more emphasis on some indices than others. In this
paper, three indices are selected, being other indices related
to this reduced set. The proposed indices can be obtained
experimentally from a step test. The first one is the
percentage overshoot PO, defined for an underdamped
system as

max (w—w*)

PO =100 e ()

The second index is the rise time (from 0% to 100%)
defined as the time required to cross the w* value for the
first time.

RT = argmin(w*(t) — w(t))
£20

)

The final index is the torque ripple, that is defined as

Qr = J%Zﬁzl(r*(k) —T(k)?  (10)

The set of all three indices will be represented as a vector:

T = (PO,RT,Qr) (11)

C. Pareto Surface

A set of step tests are performed on the 5-phase IM to obtain
the figures of merit for various combinations of the PI
parameters (k,,k;). The obtained triples I' for each PI
tuning are recorded. Then, a process of elimination is used
to exclude the triples that are not Pareto-optimal. The
surviving ones are presented in Fig. 2, where a 3D plot
(upper right corner) shows the I' values and three 2D
projections show: v» vs. y1 (upper left), y3 vs. y1 (lower left)
and y3 vs. 2 (lower right). The points are presented in color
for better visualization. The color has been linked to v3 to
provide a sense of elevation. A red color indicates a high
value of y3 and a blue color indicates a low value of ys.

It is interesting to see that the I' triples are situated
approximately on a cubic Titeica surface [27]. The surface
is determined mathematically by
YiYz2 vz =11 (12)
where I1 =0.0148 for this case. The repercussions of these
findings are deep: by PI tuning alone it is impossible to
enhance all figures of merit simultaneously past the Pareto
front. Since y1-y2-y3 is (approximately) a constant, reducing
vi will result in an increase in y,'y3. The same argument
holds for a reduction in either v, or ys. Going back to the
tuning problem, it is interesting to notice that a particular
point in the Pareto front minimizes the distance to the
origin. This particular solution () achieves:

IT°NI? = min (y2? + v2* +v5*)  (13)
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Fig. 2. Pareto front (upper right corner) and 2D projections for w*=500 (rpm). Color is used to indicate y3 values for better visualization.
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Fig. 3. Pareto front (upper right corner) and 2D projections for w*=250 (rpm). Color is used to indicate y3 values for better visualization.

This solution is optimal if the control objectives (figures of
merit) are equally important. This might not be the case in
a practical application. Instead, a weighted metric should
be used. This is easily achieved by applying scale factors to
each figure of merit. For the sake of clarity, the distance of
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eq. (13) will be used. In this case, the solution closest to the
origin (denoted as I'%) is found to be I'°=(3.3, 0.17, 0.0120).
If one chooses to tune the PI to achieve I, the tuning
problem has a definite answer. This is a step forward from
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various previous works in which the existence of limits for
tuning is not realized.

D. Influence of the operating regime

So far, only an operating point has been analyzed. The
method is now extended to other values of w* to check to
what extent the Pareto surface and optimal tuning are
affected.

Figure 3 presents the Pareto front and its projections for
w*=250 (rpm). It can be seen that the Pareto-optimal
solutions still lie (approximately) on a Titeica surface.
However, for this operating point, the figures of merit have
different values. This can be seen by comparing Fig. 2 with
Fig. 3, and also in Table II. In the said table, various speed
references are considered. For each one, the PI tuning that
yields I'? is provided along the actual values of v and the
I parameter. It can be seen that the optimal tuning is
different for each operating point. This supports the
adoption of scheduling solutions such as in [28].

In most cases, however, a single PI tuning is used. The
particular tuning can be found by trial and error aiming at
improving performance near the nominal operating point.
This, of course, has the effect of diminished performance
far from said nominal point. This is illustrated in Table III,
where two PI tunings are compared in terms of the figures
of merit for each speed regime. The tuning T1 corresponds
to the optimal tuning for 500 rpm (k, = 65 - 103, k; =
100 - 10°), whereas T2 uses as PI parameters the mean
value over the various speed regimes, producing (k,, = 89 -
103, k; = 86 - 10). It can be appreciated that the results
are not so different, and the degradation with respect to the
optimal case might be acceptable in many applications.
This provides support for the usual engineering practice
used for tuning. However, for high-end applications, the
results of this paper show that PI tuning has limits and that
something else is needed to provide high performance at all
operating points. This is a powerful result that cannot be
deduced without the Pareto analysis.

Table II. - Optimal tunings for different operating points

" kp-10% | kD105 | v | v | v I
500] 65 100 33 [0.17 | 0.0120 [0.0148
375] 42 107 53 [0.17 ] 0.0103 [0.0114
250 120 80 7.1 [0.11] 0.0123 |0.0123
125] 130 60 12.9 ]0.09] 0.0101 |0.0224

Table III. - Comparison of results in different operating points

@ | Tuning | 7v,° 72" 73°

500 T1 3.92 0.177 0.0281
500 T2 3.98 0.168 0.0283
375 T1 5.25 0.152 0.0290
375 T2 5.34 0.141 0.0295
250 T1 7.37 0.131 0.0289
250 T2 7.34 0.119 0.0293
125 T1 13.77 0.128 0.0277
125 T2 13.83 0.109 0.0284
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4. Conclusion

Assessment of controllers is presented in many works by
means of a few cases. The results of this paper show that
such a procedure is insufficient because two important
issues are kept in the dark. First, the trade-offs between
figures of merit and second, the relationship between
optimal tuning and operating regimes. Without a complete
Pareto analysis covering all operating regimes, the
conclusions are necessarily baseless.
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