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Abstract

In this document it is presented and experimentally validated a new linear predictive regulator to
control the mechanical speed and the rotor flux of induction motor (IM). The regulator is developed in
the synchronous reference frame and it provides a very good dynamic performance and guarantees
fulfilment with the current constraints, to avoid over currents in stator windings. This predictive
controller employs the minimum necessary dynamic model of the motor to get minor computational cost,
in which the rotor flux and the load torque are estimated, and in spite of important parametric
uncertainties, the performance is excellent. Moreover, the predictive regulator anticipates the response
and compensates the mechanical dead time of the speed induction motor drive, getting better results than
the classic speed PI control scheme. This control scheme incorporates the space vector pulse width
modulation (SVPWM) with two proportional-integral (PI) current controllers, where the rest of dynamics
of motor (stator) is controlled and voltage constraints are implemented, ensuring that the modulator
always works in the linear area, to prevent distortion in the resulting stator currents. From the
experimental tests that have been carried out, it can be concluded that the presented controller provides
an effective and robust mechanical velocity and rotor flux tracking, from low to high speed range, with a

high accuracy.
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1. Introduction

The first model-based predictive control (MPC) algorithms emerge in the late 1970’s. Several
formulations where proposed, where the most popular was the generalized predictive control (GPC), due
to its achievement in the regulation of SISO and MIMO industrial systems. The common denominator
shared by all these algorithms is based on the model of the system, knowledge of process the future
references and thereby provide a control that anticipates the reference changes. This is a benefit respect to
the rest of the algorithms, in which only the present and the past samples are considered, without the
future ones. In addition, the predictive algorithms ensure a near-optimal working of the system where its
constraints have been included in the controller design. Nevertheless, these kind of controllers also
involve a disadvantage with respect to classic control approaches because predictive algorithms have a
higher computational cost, [1, ch. 1]. Thus, first years the predictive algorithms were employed in slow
processes. However, due to technological advances in microprocessors, and especially in the digital
signal processors (DSP), predictive algorithms began to be use in other areas where processes are fast as
in power electronics.

It is known that predictive control is employed widely in electrical motor drives regulation area, into
the power electronics field, with numerous papers in which induction motors have been included. Some
of these works have used the GPC to regulate the main variable of the AC motor like position [2], [3], [4]
and speed [4], [5]. Nevertheless, other papers have proposed several predictive controllers connected in
cascade (Cascade MPC), to regulate the main variable and others, like the rotor flux, the stator currents,
replacing the inner PI current regulators by predictive ones, [6], and [7]. Other authors have proposed
multivariable predictive solution for mechanical speed and rotor flux as a unique and compact regulator
with SVPWM, [8], [9], [10]. At the same time, the predictive current control (PCC) is presented for VSI
inverters [11], and a similar algorithm called model predictive torque control (MPTC) is proposed for
induction machines [12], where the goal is to replace the inner PI current regulators-PWM set by a
predictive current/torque controller, to get faster dynamics with good stator voltage and current total

harmonic distortion (THD). Last years, several works, i.e. [13], have presented the cascade predictive



scheme but with PPC in the inner loop.

In spite of that in the recent years exists a trend in research to use more modern AC motors such as
PMSM [4], [9] and switched reluctance motors (SRM) [14], [15], the induction motor is still widely used
nowadays [3], [13], [16], [17], due to its good characteristics such as small moment of inertia, smooth
torque, high initial torque, solid architecture and competitive price. Indirect field oriented control (FOC)
or indirect vector control [18], [19], is one of the most known methods used for the induction motor
mechanical speed and position control, due to the fact that the torque and rotor flux control references of
the induction machine are decoupled, with a minimum ripple in the torque when it uses SVPWM. This
modulator offers several advantages respect to the sinusoidal PWM, like best THD index, 15 % higher
stator voltage vector for the same DC bus voltage and an easy way to implement digitally due to several
low cost microprocessors that incorporate a specific timer to generate this modulation, [20].

The good properties of GPC algorithm applied to regulate main variables (speed, position, rotor flux)
of the induction motors can be taken advantage effectively when the future references are known. In this
sense, it is necessary to know in detail the dead time of the system in order to be able to anticipate
effectively in the control, since otherwise the control will not be anticipative. In practice, pure delays can
be found in various types of systems, especially in mechanical, hydraulic and pneumatic systems. Dead
time is the delay from when the control signal is applied until the output variable begins to respond or
react, [21]. In motor drive systems some interesting research works have been published, in which the
dead time of VSI inverter and the computation time have been studied and compensated, getting best
THD index and performance of the machine, [22], [23], [24], [25], [26]. But this dead time is small, some
units of microseconds. However, none of them have considered the mechanical dead time. The mechanical
dead time, referred to the shaft of the electric motor, is much higher than inverter’s and computation
time’s, it can be some hundred microseconds or some units of milliseconds. As a consequence, the dead
time of induction motor drive is mainly due to the mechanical part of the induction machine and it can be
compensated successfully by using GPC algorithm when it is known.

This paper presents an effective speed and rotor flux GPC regulator, which taking advantage that the



future speed reference and the dead time of induction motor are known, lets to anticipate and to
compensate the mechanical dead time of the speed response, getting excellent mechanical speed
regulation at low, medium, nominal and very high (flux weakening) speed references. Taking the main
ideas of [10] where a unique and compact multivariable GPC regulator is presented, but with the
objective to reduce the computational cost of the predictive regulator, because of the fact that the GPC
algorithm implies complexity and computational cost, only the minimum necessary dynamics of machine
has been taken and transferring the control of the rest of dynamics to other kind of regulators. Thus it is
interesting since the predictive controller’s benefits can be taken advantage and combined with the
properties that other algorithms offer, getting effective and practical cascade regulation schemes. Then
taking only two inputs of [10], the mechanical speed and the rotor flux, and avoiding the use of the third
input, torque stator current, and its current tracker, a simpler multivariable GPC regulator is obtained and
proposed in this paper. The GPC regulator is combined with two Pl current controllers and SVPWM,
then GPC regulator will be cascaded to the PI-SVPWM scheme. An adequate tuning of stator currents’ PI
regulators and the symmetric seven vector modulation of SVPWM offer fast dynamics and very low THD
in inner loop. In this way, this loop responds quickly to the references of predictive controller. The stator
is protected against overcurrents and overvoltages, by constraints imposed to GPC regulator and currents’
PI regulators, respectively. As a result, a cascaded GPC-PI controller with excellent fast dynamics, high
accuracy, good robustness, with low THD and medium computational cost is obtained. This combination
can be an interesting alternative to other predictive algorithm schemes. Section 2 describes the design
of GPC controller, in which is also included the design of the speed PI regulator. Section 3 presents a
short description of the employed test rig, and several simulation and experimental proves by using the
proposed controller. Finally, section 4 shows the obtained conclusions of the paper.
2. Mechanical speed and rotor flux GPC regulator
2.1 Induction motor model

The following differential equations determine the dynamics of the squirrel cage induction motor

[18], presented all in the synchronous rotating reference frame d-q and supposing that the torque current



component isq and rotor flux current component isq are decoupled, that is wrq = 0 and yr = wrq
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The state equations are very appropriate to represent the dynamics of multivariable systems with

disturbances, where D is the disturbances matrix
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Thus, replacing Eq. (2) in (1) and taking wr = ww, and considering that y, is constant, the
differential equations of the induction motor can be presented by using the following state equation based
on (1) and (3), where Ty is the load torque measurable (or at least estimable) disturbance
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and the following output equation

R

The rest of dynamics, related with (4) and (5), is controlled by two PI current regulators, as it is

explained in [18].



2.2 Mechanical speed and rotor flux GPC regulator design

Since the GPC algorithm uses the discrete version of the state equation, the previous A, B and D

matrices must be discretized. In this case the computational method has been employed, then

T

S

A =e’
B, =.[TSeMB da

0
D, = ["e**D dA
C,=C

where 1=Ts-t and

"t R+ AT, +—2

©)

(10)

and if Ts is small, only the first three terms of (10) are considered. It must be noted that the first element

of the first row of B matrix is variable (due to rotor flux) and in order to use a faithful model of the

system, this element is discretized for each sampling period, whereas its value remains constant until the

next sampling period. Then, taking into account the commented simplification in (10) and how only an

element of B matrix must be discretized, the computational effort of the processor is reduced

considerably.

The multivariable GPC regulator that is proposed uses the load torque T, (measurable

disturbance), [1, ch. 6],

{x(k +1) = A,x(k) + B,u(k) + D,d (k)

y(k+1) =Cyx(k +1)
where
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(11)

Fig. 1 presents the new proposal GPC regulator for the induction motor, where it can be observed

that the references imposed to the machine are the mechanical speed and rotor flux. Also it is possible to



observe that the control signals are the stator current linked to electromagnetic torque (consequently to
the mechanical speed), isq*, and the stator current linked to the rotor flux, isa*, both expressed in the d-q
rotating reference frame. On the other hand, two PI current controllers are used to convert isq* and isq™*
current commands in their corresponding two vsq* and vsg* voltage commands, which are necessary to get
the Vagc™ three-phase voltage command to feed the SVPWM modulator.

The design of the GPC regulator uses (11) and follows the procedure detailed in [1, ch. 6] to
calculate the output prediction vector equation, which predicts the behaviour of the induction motor in

the future along the N horizon,
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and where f is the free response component (vector)
f =G'u(k —1) + F x(k) + F'd(k) (14)

The GPC algorithm consists of applying a control sequence that minimizes a J. multistage cost



function of the form
J(u)=(y-w)'Q(y-w)+u'Ru (15)

where the future references of two inputs with a horizon of N are contained in w, where d is the dead time

of the mechanical part of induction machine
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and where Q is the tracking weighting matrix,
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- 17
R is the control weighting matrix,
4 0
R = 18
and the incremental control signals are two row vectors, each one consisting of N elements,
A
Llsj (19)

taking into account that the control horizon is Ny=1, and only the first element of each row will be
employed.
2.3 Constraints on stator windings

As is well known, the GPC algorithm allows to integrate into the regulator design the control
signals constraints. This way, the presented design uses this characteristic to avoid over currents that
could damage the stator windings. The following expression relates the three phase currents with the

rotor flux and electromagnetic torque currents [18], [19],

— %

is = isd + isqj (20)

taking from the Table I the nominal value and fixing it as the maximum value of the stator current, Is max



= lsnom , the maximum values are related as
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The constraint imposed to the rotor flux current, isq, is introducing a working margin, i.e., Aisd max ,
and obtaining the maximum and minimum values or so called constraints,
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Regarding the electromagnetic torque current, isq, its value determines with the rotor flux, the
value of electromagnetic torque developed by the motor, (2). This has a direct impact on the value of the
three-phase stator currents of the induction motor. Thus, limiting its value, the values of the three phase

currents are limited, ensuring the protection of stator windings against over currents. From (21), its value

can be calculated as follows,

2 2
Isqmax :Vlsmax_lsdrrax :_Isqm'n (23)

There are really two ways to calculate (23). The most sophisticated way using (22), or the
simplest way that is used in this design, supposing that the rotor flux has the rated value permanently. So

from the steady stationary version of (3) the corresponding current value can be obtained,

I _ l//r_ rated

sdmax Lm

This part corresponds to two Pl current controllers, Fig. 1. The design of these current regulators

(24)

is done in the frequency domain, choosing their band-width with the gain cross-over frequency, wci , and
the phase margin, PM;, as it is described in [18]. When for the tandem SVPWM modulation-VSI are
employed the vector control techniques, it is necessary to limit the module of the phase stator voltage
reference vector to work in the linear area of the modulator, [18]. This value is determined by the DC bus

voltage of the inverter, according to the following expression

w5 @

whereas it is known, the voltage vector is made up by the direct and quadrangular components
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Thus, if the module of voltage, , 1s higher than maximum (25), then both components of this
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vector must be scaled or reduced proportionally (multiplying its component by

v,

). This is implemented in Lim block in Fig. 1.

2.4 Estimation of s, w and T, load torque
The 65 angle is necessary to implement the Park’s transformation, which is calculated by using the

indirect vector control method and for that it is necessary to integrate the ws synchronous speed,

W, = Wy, + O, (28)

being wsiip the slip speed and w, the electrical rotor speed. The wm mechanical rotor speed is employed to

calculate the electrical rotor speed,
P
), = W, E (29)

Taking into account the assumptions adopted in the beginning of this section, that is, ywq=0,

dyrg/dt = 0 and wr = wr4, the slip speed is calculated by using (30)
L .

The rotor flux, w«, is easily estimated using (3) and supposing wr = yrd .
The load torque is the part of the estimable disturbance that is calculated using equation (1) in

which is previously included (2)

dwm—Ba)

dt vrm

fL = KT 'Wrdisq -J (31)
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2.5 GPC regulator tuning

The tuning of the GPC controller needs to choose two horizons (minimum, N1 , and maximum, N2)
and two weighting factors (41 and A2). N is the prediction horizon and defines the number of the GPC
regulator’s coefficients (size of G and f). In this way, higher value for N increases the anticipative effect,
getting better control and system’s performance, but on the other hand, there is an increase in the number
of coefficients and the computational cost of the regulator, and consequently, an increase in the sampling
period. Thus, N has been chosen to get a good dynamic performance and a medium-low computational
cost, so in this design the selected value is N=5. The minimum and maximum horizons take into account
the delay time of the system [1], N1=1+d, and, N>=N+d. The sample time choosen for all controllers is
100 ps (VSI inverter at 10 kHz), and the offline experimentally measured delay time at different
operation states of the mechanical part of the induction motor is around 700 ps, (subsection 3.2). Then,
the delay value is 7 sampling periods that is, d=7, and consequently N1=6 and N.=12. Anyway, the delay
time must be always a multiple of the sampling time.

Decreasing the control weighting factor, 4, the response of the controlled system is faster. Increasing
the tracking weighting factor, o, the same result is obtained. A simple and effective way to tune this
regulator is fixing to unity the tracking weighting factors J1 and o2, and selecting only A factors, applying
the following empirical equations to get the optimal values for 11 and A, (trace() gets the sum of the
diagonal elements of the matrix in brackets),

A =trace(GlTGl) L Ay = trace(GzTGz) (32)

It must be noted that G matrix depends only on the plant (induction motor) parameters, and it is a
multivariable system, being 2Nx2N matrix (10x10). This way, it can be obtained G; , that is, the
mechanical speed part of G, (NxN, formed by G’s odd columns) and G, , the rotor flux part (NxN,
formed by G’s pair columns).

However, in spite of the mechanical speed and rotor flux tracking is good in simulation tests, control
signals may be overly aggressive, especially in real experiments. In these cases, it is recommended to use

a gain K to smooth the control signal. Increasing this gain, the control signal is smoother.
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Table 11 corresponds to the speed-rotor flux GPC regulator designs, where D1 is the ideal or nominal
case taking into account the rated parameters values of the machine (Table I). D2 is the case which takes
uncertainties in mechanical parameters (J, By) when their values are 3 times lower than its nominal
values. D2A takes the uncertainty only in J, D2B takes only in By , and D2C takes the parameter
uncertainties in both at same time, Table 1 3, 4™ and 5" columns, respectively. Regarding D3, this case
takes uncertainties in mechanical parameters (J, Bv) when their values are 3 times higher than its nominal
values. D3A takes the uncertainty only in J, D3B takes only in By, , and D3C takes the parameter
uncertainties in both at same time, Table 11 6 , 7" and 8" columns, respectively. According to the
commented in the previous paragraph, when the resulting A1 is much lower than in the nominal case, K
has to be higher than the nominal value to get more smooth control signal (60, in cases D3A and D3C).
However, when the obtained 11 is much higher than in the nominal case, K has to be lower than nominal
value to get a softer control signal (1, in cases D2A and D2C).

2.6 Pl regulators tuning

As is well known, in this proposal the GPC regulator is connected to two current Pl regulators
(GPC-PI), and consequently it implies that these regulators must be adjusted as fast as possible. Both
regulators use the same tuning values and the adjusted parameters are obtained using frequency domain
technique, [18]. With the selection of the bandwidth and the phase margin, the values of kpis and kiis are
obtained. Selecting a higher bandwidth for the controllers improves the dynamic performance of the
currents loops. Nevertheless, any real system has its physical limit to the bandwidth. For the experimental
platform employed (subsection 3.1), this limit is located around 3500/4000 rad/s; for higher values the
platform generates dangerous mechanical vibrations that can damage the machine. In this way, to ensure
a fast response of PI current regulators and work at safe frequency, a bandwidth of w.i = 3000 rad/s with a
margin phase of PM;=1.5707 rad (90°) has been chosen. With this phase margin the faster response
without any overshoot for this bandwidth is obtained. This is the D1 design in Table 111, it is the ideal or
nominal case taking into account the rated parameters’ values of the machine (Table I). Regarding D2R

design in Table Ill, this case takes 31.2 % less than real for Rs and Ry, and it is implemented to
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demonstrate the robustness of electrical part o the motor related to the resistances (stator and rotor) when
they are at 100° C. The parameters of the controllers are designed with rotor and stator resistances (Rr and
Rs) 31.2% less than really are in the experiment (as a consequence Ry and Rs would be working at an

equivalent temperature of 100 °C), (33).
R, =R,[Ll+a (T, -T,)) (33)

A speed PI regulator is implemented to measure the mechanical delay time of the induction motor
and to compare the designed GPC regulator results with this classic controller. This speed PI regulator is
also designed employing the frequency domain technique, but due to method requirements, using a
bandwidth 10 times smaller than the two current PI regulators, [18]. Thus, D1 design is the nominal case
in Table IV and it takes w.., = 300 rad/s with a margin phase of PM,, =1.4311 rad (82°) is designed. With
this phase margin the faster response with minimum overshoot for this bandwidth is obtained. This way,
this speed PI regulator connected to the two current PI regulators provide a good Pl speed regulator for
induction motor. Regarding mechanical parameters uncertainties, two designs have been presented. D2C
and D3C, corresponding with D2C and D3C of Table IlI, respectively.

3. Results of simulation and experimental proves
3.1 Test bench

The employed test rig is based on the M2AA 132M4 ABB commercial induction motor of 7.5
kW of die-cast aluminium squirrel-cage type and 1445 rpm described in Table I, which is connected to
three-phase VSI inverter with a DC bus of 540 V. The induction motor receives the load torque in its
shaft from a 10.6 kW 190U2 synchronous motor. The control and monitoring unit is made up by a
Personal Computer with the DS1103 real time target dSpace (PowerPC processor to 1 GHz), its
monitoring application dsControl and the simulation environment MatLab/Simulink. The test rig includes
several sensors: three half effect sensors to measure the three-phase stator currents, and an incremental
encoder of 4096 pulses with a FPGA module to measure the mechanical speed. The SVPWM

modulator/VSI inverter works with a constant switching frequency of 10 kHz, this way the sample time
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utilized for the multivariable GPC and PI current regulators, and also for speed PI regulator, is the
minimum possible, that is 100 ps.

Due that this GPC algorithm includes control signals constraints, the linear solution of the
minimization cost function (15) is not valid, [1, ch.7]. As a consequence, a nonlinear optimization
method must be employed, where in this proposal the Truncated-Newton bound constrained (TNC) is
used. In this sense, the minimization cost function (15) has been implemented by using the tnc() function,
in both in simulation and in experimental tests. The tnc() function has been written in C programming
language [27] by using a Simulink’s S-Builder Function block to implement the designed GPC
multivariable regulator. Moreover, the maximum number of iterations that it uses for the numerical
solution can be programmed. Certainly, all tests have been done setting its value to 5 iterations, which is
the minimum value necessary to reduce the computational cost while the best performance is guaranteed.
3.2 Mechanical speed and rotor flux tracking (D1 design)

This subsection shows the performance of the machine for D1 design (Table Il and I11) by using
several simulation and experimental tests. A trapezoidal speed reference of 1000 rpm /0.5 Hz and a rotor
flux reference with two constant values over 10 s are employed for this. Note that in second part of tests,
the rotor flux reference takes its nominal (Table 1), starting at 5.25 s. Moreover, the load torque is
gradually increasing: it is null throughout the first 3 s, a constant of 10 N-m up to 4.5 s, 25 N-m square
form between 4.5-7.5 s, and £40 N-m square form between 7.5-10 s. Figure 2 shows the simulation test,
in which it can be observed that the tracking of the obtained speed tracking is very acceptable in quantity
and quality, graph (a), where the error steady-state is approximately 1-2 rpm (0.1-0.2 %), graph (b). In the
first part of the test (0-3 s), the load torque or disturbance is null and consequently the rotor flux value (d)
can be lower than nominal to get an excellent speed tracking. But when the load torque appears, the rotor
cannot track properly the speed reference and the speed error is increasing a lot (3.5-4.5 s), due that the
rotor flux is not sufficiently big to generate the necessary electromagnetic torque (2), although the torque
current has its maximum value (c). To overcome the load disturbance’s effect, starting from 6 s, the rotor

flux reaches the imposed reference nominal value and after this instant the machine is able to keep a very
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good speed tracking, as the initial part of the test, obtaining newly an error steady-state around 1-2 rpm.
To get it, the stator current associated to rotor flux is increased in a step way from 4.013 A to 8.026 A (e).
Note that the reference value generated by this GPC controller is into the limits imposed for isq current
constraints (Table Il) and according to (22) they are 8.025 - 8.027 A, and that the real value is very
similar to the reference getting a very good rotor flux current tracking. As a consequence, the rotor flux
tracking is also very satisfactory, graph (d). Moreover, it can be noted that the torque current neither
exceed its maximum and minimum values (£ 20 A) imposed as a current constraints, graph (c), and
consequently the stator current is also limited, as it is shown in graph (g). Graph (f) exhibits the
electromagnetic or motor torque developed by the induction machine and the requested and estimated
load torque in its shaft, where it can be appreciated that the motor torque is very effective but at the same
time smooth, and the high similarity between the real and estimated load torques. In the (h) graph the
module of the stator voltage vector in d-q synchronous rotation frame is showed, in which it is observed
that its value does not exceed its maximum value (311 V), (25), Table II. Finally, graph (i) displays the
quantity of iterations employed by the tnc() minimization cost function (between 2 and 5).

Figure 3 shows the experimental test corresponding to the simulation test shown in Figure 2.
Comparing the graphs between both tests, we can see that the experimental test gets practically the same
waveforms respect to its simulation case, where the speed error steady-state is a bit higher, that is 2-5 rpm
(0.2-0.5 %). Consequently, the proposed GPC regulator is validated experimentally, getting very good
speed and rotor flux tracking in spite of the presence of load disturbance.

Figure 4 shows a comparative between GPC and PI regulators employing the same experimental
test than in Figure 3. Two cases have been considered for PI regulators, with and without feed-forward
estimated load torque term. It should be noted that PI regulator works better with feed-forward term,
getting faster and better response than without it. As it can be seen, the GPC controller gets the most
rapid and robust (in presence of load torque) speed response: its response has the lowest overshoot and
stabilizes earlier than the PI regulators. Graphs (b) and (c) show how the GPC response is faster than the

PI regulators due to the anticipative effect. Figure 5 shows the performance comparison between GPC
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and P1 regulators, employing a square speed reference waveform of 600 rpm and 0.5 Hz. Observing PI
regulator’s response in graph (a), it can be seen that it has a mechanical delay time of 7 sampling times;
that is, it is delayed 0.0007 s (700 ps, d=7) respect to the speed reference. This is the time interval that the
motor needs since the torque current reference changes, in 4 s instant, (b). However, the GPC regulator
compensates the delay time and anticipates 5 steps (N), generating the control signal 12 steps before (N>)
than the PI case.

Figure 6 shows the experimental test based in the previous Figure 3, but working in nominal
conditions: the speed reference and the load disturbance take the nominal values (Table 1) in the last part
of the test (7.5-10 s). In this way, it is possible to test the benefits of the proposed GPC regulator working
in rated conditions. It is possible to observe in the first part of the test, in which the rotor flux is weak (0-
6 s), that the speed tracking is very good for constant speed reference, but when the reference is
increasing or decreasing, exists an important speed error (b) and the speed tracking is not so good (a).
However, in the second part of the test (6-10 s), when the rotor flux is nominal, the speed tracking is
excellent, obtaining a steady-state speed error less than 5 rpm (0.346 %). It is interesting to remark, that
the rotor flux (d) and its current (e) tracking are as good as the previous test (Figure 3), and the
electromagnetic torque (f) is also smooth and effective. Finally, it can be observed that the stator current
(c, g) and voltage (h) are not overcome the nominal values imposed as constraints in the design of the
presented regulator. Figure 7 compares the last experimental test employing GPC regulator (Figure 6)
with the same test employing PI regulator. As it can be seen, both speed responses are good, however the
GPC regulator gets better speed tracking than PI controller.

Figure 8 shows the experimental test in which in its first part (0-5.5 s) the speed reference’s
maximum value is higher than motor’s rated value (2000 rpm), (a), while the rotor flux is lower than
rated value (flux weakening regimen), (d), as in the previous cases. Moreover, a square form load
disturbance of 10 N-m is also applied (1.5-6 s), (f). As can be observed, the speed tracking is very
satisfactory in the first part, obtaining a steady-state speed error lower than 5 rpm (0.25 %), (b). The

second part starts with a step speed reference of 160 rpm and with the rated value for rotor flux reference.
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In this case, an increasing (-10 to 30 Nm) square form load disturbance is also applied. Taking into
account these adverse conditions (low speed and high load), it can be considered that the obtained speed
tracking is very good, where the speed error is lower than 1 rpm (0.625 %). Next, another step of 600 rpm
is applied to the motor and the load torque changes (30 to -40 N-m), medium speed and high load,
obtaining excellent result with a speed error around 1 rpm (0.166 %). Finally, last step of 1400 rpm is
required to the machine, with a square load torque of £ 40 N-m, getting a speed error lower than 3 rpm
(0.214 %). Moreover, the rotor flux and its current tracking are very satisfactory along the test, graphs (d)
and (e) respectively, and the electromagnetic torque is smooth and effective (f). On the other hand, the
current and voltage constraints are not exceeded in any moment of the test, graphs (c)-(g) and (h),
respectively.

Figure 9 compares these results with the same test done using the PI regulator, observing the four
different speed zones of the probe. Graph (a) shows that at -2000 rpm with weak rotor flux and low load
torque, the GPC regulator’s response is faster than the PI case at speed reference changes and load
changes, nevertheless the PI controller has a slightly better performance in the second part (4.1-4.8 s).
Graphs (b) and (c) confirm that the GPC regulator’s response is faster than the Pl and also that the GPC
controller’s response stabilizes before than the Pl when the load torque changes sharply. Finally, graph
(d) also confirms the two previous affirmations, and also, shows that while GPC regulator offers very
good speed tracking in all moment, PI controller’s response can not track properly the reference in some
intervals of time (8.9-9.5 s).

3.3 Mechanical speed and rotor flux tracking (D2 and D3 designs for robustness demonstration)

This subsection shows the experimental test’s performance for D2 and D3 designs (Tables Il and
I11). For that, the previous experimental test showed in Figure 3 has been used. First is analysed the
performance of the induction machine controlled by GPC regulator taking into account the mechanical
parameter uncertainties (J, By) when their values are 3 times minor than real ones (Table II). Figure 10
shows the comparative for D1, D2A, D2B and D2C designs’ responses. As can be seen, all of GPC

designs’ results are very similar to nominal case (D1), getting very good performance in all cases in spite
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of important parameter uncertainties, with a speed error minor than 2 rpm (0.2 %). For get these results,
and according to commented in the last paragraph of subsection 2.5, the gain K has been adjusted to get
the best results in the cases in which the moment of inertia (J) is different than real one (D2A, D2C). As
the moment of inertia is minor than nominal case (real), the resulting A1 control factor is much higher
than in the nominal case, then to compensate it K has to be lower, getting more control action (more
aggressive), taking the value 1. The variation of viscous coefficient (By) has not any effect on resulting 41
(D2B), then K keeps the nominal value, 3.5. See in the last row, third, fourth and fifth columns.

Second, it is studied the performance of the induction motor regulated by GPC regulator taking
into account the mechanical parameter uncertainties (J, Bv) when their values are 3 times higher than real
ones. In Figure 11 can be seen the comparative for D1, D3A, D3B and D3C designs’ responses. It can be
observed that the results referred to D3A and D3C are worse than D1 and D3B, due that error is higher
(about 5 rpm, 0.5 % vs. 2 rpm, 0.2 %), but in general they are good taking into account the important
parameter variations. As the moment of inertia is higher than nominal case (real), the resulting A1 control
factor is much lower than in the nominal case (D3A, D3C). As a consequence, the control action is very
aggressive and to smooth it, K has to be higher than nominal case, taking the value 60. The viscous
coefficient (By) variations almost has not any effect on resulting 11 (D3B), then K maintains the nominal
value, 3.5. See in the last row, sixth, seventh and eighth columns. Then, the compensation of higher
moment of inertia using the gain K is worse than lower inertia case, and consequently the results (speed
error) are also worse.

Finally, Figure 12 shows the experimental test taking D2C (mechanical part) and D2R (electrical
part) setup, and adding measurement white noise in the om rotor speed and isa stator current feedback
signals, In this way, robustness of the presented regulator against parameter uncertainties, load
disturbances and measurement noises is demonstrated. Taking (a) and (b) graphs, it is possible to observe
that in spite of all adversities, the speed tracking is very good, obtaining a speed error around 15 rpm (1.5
%). Moreover, the rotor flux tracking is also very good (c) and the electromagnetic torque generated by

the motor is effective and quite smooth, taking into account the important value of noises (d). Regarding
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the stator current, really it is limited to constraint value but it contains the added noise and it is the
expected value that overcomes the current constraint because it is added externally out of the GPC
regulator (e). Anyway, clearly the current keeps its maximum value around the current constraint (20 A).
Moreover, the stator voltage (f) value is into the limit imposed by the voltage constraints (311 V). Figure
13 shows the comparative performance of the GPC regulator with the same experimental test employing
the PI controller. In this figure can be seen that the speed tracking is very similar for both, however, the
GPC response is a bit faster than the PI.
4. Conclusions

This research work presents a novel multivariable linear GPC controller for squirrel cage
induction motor, which regulates effectively the mechanical rotor speed and the rotor flux. Due that the
GPC algorithm implies complexity and computational cost, only the minimum necessary dynamics of
machine has been taken and transferring the control of the rest of dynamics to PI regulators. The design is
based on the reduced-order linear state equations of the machine, where the nonlinear term related to the
load torque is located in the measurable disturbance term. The current loops and the VSI inverter control
are regulated using the standard PI-SVPWM tandem, obtaining very good harmonics index in stator
currents and being as an excellent industrial solution. The predictive regulator incorporates the stator
currents constraint, while the voltage constraint is located in PI currents controllers. The regulator
employs estimated physical variables such as rotor flux and load torque, and also measured variables like
mechanical rotor speed and stator currents. This predictive control proposal takes into account the
mechanical dead time of the induction motor in its design and provides a very satisfactory and robust
mechanical velocity and rotor flux tracking in both favourable and unfavourable circumstances (load
torque, important parametric uncertainties and measurement noise in feedback signals). The experimental
results have demonstrated its better robustness, a faster speed response and a faster stabilization
compared with the traditional speed PI control scheme. It is important to note that if the delay time is
increased and it is not compensated, when the machine is asked for high dynamics such in machine tool

and robotics sectors, unacceptable tracking errors will occur. Thus, the induction motor works perfectly
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with different amplitudes for speed and rotor flux independently each of the other, including both the
very high speed, nominal, medium and low speed zones, getting very high dynamics and accuracy; less
than 0.346 % speed error for nominal case, and around 1.5 % for adversities case. All the experimental
tests that have been carried out provide an experimental validation of the presented rotor speed-flux GPC
controller. Moreover, taking into account that only one of the motor dynamics terms must be discretized
in each sampling time and that the maximum number of iterations for tnc() minimization function is set
to 5, the computational cost of this regulator is around 60 ps with a floating- point PowerPC processor to
1 GHz, around 15 % less than the proposed in [10]. Taking into account these all benefits offered by this
GPC proposal, this control scheme could be adequate to be used in industrial applications. Moreover, this
novel GPC regulator could be employed with other different current regulators instead of Pl ones, getting
other cascade schemes, or including without any current regulator by using a hysteresis modulator.
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Tables
Notation Value

Pn nominal power 7.5 kKW

Vn nominal voltage 380 V

Tenom Nominal electromagnetic torque 50 N-m

Rs stator resistance 0.729 Q

Ry rotor resistance 0400

Lm magnetizing inductance 0.1125H

Ls stator inductance 0.1138 H

L, rotor inductance 0.1152 H

P number of poles 4

J moment of inertia (nominal) 0.0503 kg-m?

By viscous friction coefficient (nominal) | 0.0105 N-m/(rad/s)

wm nom NOMinal mechanical speed 151.32 rad/s (1445 rpm)

Vsnom hominal stator voltage (rms) 380 V

Isnom nominal stator current (rms) 15.24 A

Isqnom NOminal torque current 20 A

Isanom Nominal rotor flux current 8.026 A

¥ nom Nominal rotor flux 0.9030 Wb

o., temperature coefficient Al/Cu 0.0039 K1

Table I. Induction motor parameters

Parameter D1 D2A (J/3) | D2B (Bv/3) |D2C (J/3Bw/3) |D3A (J3) |D3B (By3) | D3C (J3 Bv3)
J 0.0503 |0.0168 0.0503 0.0168 0.1509 0.0503 0.1509
By 0.0105 |0.0105 0.0035 0.0035 0.0105 0.0315 0.0315
A 2.9e-3 |2.61e-2 2.9e-3 2.61e-2 3.22e-4  |2.9e-3 3.22e-4
A2 1.6e-7 |1.6e-7 1.6e-7 1.6e-7 1.6e-7 1.6e-7 1.6e-7
Isq max 20A 20 A 20 A 20 A 20A 20A 20 A
Alsd max 0.001 A |0.001 A 0.001 A 0.001 A 0.001A [0.001 A 0.001 A
K 3.5 1 3.5 1 60 3.5 60
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For all designs: N=5, d=1, Ny=1, 61=1, =1

Table I1. Speed and Rotor flux GPC regulator designs

Parameter D1 D2R
Rs 0.729 0.5556
Rr 0.40 0.3048
¢ isg 3000 rad/s | 3000 rad/s
PMisq 90° 90°
¢ _isd 3000 rad/s | 3000 rad/s
PMisd 90° 90°
Kpisq 11.81 11.81
Kiisq 2187 1666.9
Kpisd 11.81 11.81
Kiisd 2187 1666.9
|Vs|max 311V 311V

Table I11. Current Pl regulators designs

Parameter D1 D2C (J/3BW/3) |D3C (J3B\3)
Wc_w 300 300 300

PM,, 82 82 82

J 0.0503 ]0.0168 0.1509

By 0.0105 |0.0035 0.0315

kpo 5.64 1.88 16.94

Ki, 238.17 |79.39 71451

Figures

Table IV. Speed PI regulator designs
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Figure 2: Simulation prove of the GPC regulator for induction motor, D1 design.
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