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Abstract: This document presents an efficient proportional derivative (PD) position controller
for three-phase motor drives. The regulator has been designed in frequency domain, employing
the direct-quadrature (d—4) synchronous rotating reference frame and the indirect vector control.
The presented position regulator is easy to tune and incorporates a feed forward (FF) term to
compensate effectively the effect of the load disturbance. This position controller has been validated
experimentally by using two industrial three-phase motors: an induction motor (IM) of 7.5 kW and
a permanent magnet synchronous motor (PMSM) of 3.83 kW. The inner proportional integral (PI)
current loops of both machines have also been designed in the frequency domain. Each machine has
connected in its shaft an incremental encoder of 4096 pulses per revolution, to measure the position.
Several simulations and experimental tests have been carried out with both motors, in favorable
conditions and also with various types of adversities (parametric uncertainties, unknown load
disturbance and measurement noise in the position and current loops), getting very good results and
suggesting that this controller could be used in the research area and also in the industry.

Keywords: indirect vector control; position control of motor; induction motor; permanent magnet
synchronous motor

1. Introduction

Three-phase motors are widely used in civil engineering and in industry applications, where the
most employed are the induction motor (IM) and permanent magnet synchronous motor (PMSM).
IM are the most used machines in general (cranes, heavy industrial processes, motor pumps, trains,
etc.), but the use of permanent magnet synchronous motors are increasing considerably last years (tool
machines, electrical vehicles, etc.). IM offers good characteristics like a low maintenance, low moment
of inertia, robust architecture, low torque ripple and low price. On the other hand, PMSM provides
very good torque-weight ratio, high efficiency and accuracy. Depending on the application, both kinds
of motors are controlled by using the Direct Torque Control (DTC) or Field Oriented Control (FOC)
techniques. The FOC or vector control strategy is well settled such in civil engineering as in the industry,
due to the fact that this technique gets excellent dynamics performance of the three-phase machine.
That is due to using FOC techniques the three-phase machine is controlled like an independent
excitation Direct Current (DC) machine, in which the electromagnetic torque and field flux are
controlled separately [1]. This way, in the three-phase machine are also controlled independently the
electromagnetic torque and rotor flux. The position control of the three-phase motor is an application
that takes advantage the vector control benefits. One of the first research works related is [2], in which
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the experimental implementation by using FOC for speed and position control of IM and PMSM is
presented. Very interesting position control schemes for IM are presented during the last decades,
by using the classical proportional derivative (PD)/PID [3,4], and by employing advanced position
regulators as a fuzzy [5], passivity-based [6], model predictive control [7], sliding-mode control [8,9],
optimization-based sensorless [10] and poles placement [11]. Regarding PMSM, it is typical to find
sensorless-based research works due to that position sensorless techniques are considerably easier
to implement in these machines than in induction ones, where the classical PD/PID algorithms are
employed in the position regulation loops [12,13]. However, to get high accuracy is necessary to
have installed the position sensor in the system. Thus, several advanced position controllers as a
sliding-mode control [14,15], fuzzy [16-18] and model predictive control [19,20] are presented. All these
position controllers provide good dynamics and high accuracy, in spite of much of them not detailing
the last one explicitly. Taking similar conditions in experiments, for IM [8] offers best steady-steady
state accuracy, getting between 0 and 0.00038 rad of the position error, [7] and [11] provide an accuracy
of 0.005 rad, while the steady-steady state accuracy of the presented proposal for IM is very close to it,
0.007 rad. On the other hand, for PMSM, [14] offers a position accuracy between 0.002 and 0.005 rad, [17]
provides a position accuracy around 0.017 rad, while the presented proposal provides an accuracy of
0.002 rad. This way, advanced controllers provide excellent performance to these machines, but their
control laws and tuning can be too complex to use them experimentally, i.e., in the industry, much of
them do not offer a clear way or rules to tune. The real applications area needs efficient controllers but
at the same time be easy to tune. The presented position regulator provides good dynamics and high
accuracy, it is easy to tune with a simple control law and it is valid for different three-phase motors.
In [4], a PD position controller tuned in the frequency domain for IM was presented and experimentally
validated. The presented proposal in this paper takes this PD regulator and extends to the PMSM the
experimental validation. Moreover, practical tuning recommendations for both motors are given and
experimental comparatives between them are done.

The goal of this paper is to offer an effective and easy to tune PD position controller for the most
employed three-phase machines, that is IM and PMSM. The paper is organized as follows. Section 2
describes the dynamics of the motors and the position and current regulators design in the frequency
domain with the study of stability. Section 3 presents the employed two tests benches, and the tests
(simulations and real experiments) done with both motors. Finally, Section 4 discusses and gets
the conclusions.

2. Three-Phase Motor Position Proportional Derivative Controller Design

2.1. Induction Motor Dynamics

Induction motor dynamics can be expressed by employing the next five differential equations,
expressed in the direct-quadrature (d—g) synchronous rotating reference frame and taking that the g
(quadrature) component of the stator current (electromagnetic torque current component, is;) and the d
(direct) component of the stator current (rotor flux current component, is;) are decoupled, due to that
the g component of rotor flux is null, ¢,; = 0 and this way the rotor flux is the same as its d (direct)
component, Y, = Y4, [21],

d20,, dOm,
T.—T; = By—— 1
e L ] dt + By ar ( )
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T, = ZPL_rlPrdlsq )
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disg
vsq — Rslsq + GLS d

where T} is the load disturbance, 9, is the mechanical position, w;s is the synchronous speed, vsy
is the d component of the stator voltage and vy, is the g component of the stator voltage. The rest
of the parameters are described in Section 3.1.1. As it is well known, the iy current is employed to
regulate the 1, rotor flux of the machine. This flux keeps constant its value, the typically rated value.

L .
+ CUs lljrd + ws0Lsigg 5)
r

Then, considering the steady state and taking Equation (3), it is possible to get the relation between
both variables,

Vrg = Limisq (6)

and taking Equation (2) of the electromagnetic torque, it can be expressed as

T, = Krig @)
where the Kt torque constant is defined as
3pLm, _3p L2
K=y, vu=71, ®)

Now Equation (7) can be replaced in Equation (1), obtaining the following Expression (9), which
contains the first three equations.

d2e,, de,,

T +By—— I + T )

KTisq =J—
This way, Equation (9) contains the electromagnetic and mechanical equations, while Equations
(4) and (5) contain the electrical equations.

2.2. Permanent Magnet Synchronous Motor Dynamics

PMSM motor dynamics are shown by using the next four differential equations, where like
in the previous case (IM), all of them are expressed in a d—g synchronous rotating reference frame
and supposing that the is; electromagnetic torque current component and the iy, rotor flux current
component are decoupled, that is 1, = 0 and ¢, = 1,;. Moreover, as the PMSM has its own rotor flux
generated by its rotor magnets, that is 13 (constant), then rotor flux generated electrically is usually
fixed to zero, and consequently i;; = 0, [22],

2
1,1, = 120 4, 2 (10)
dt

3 .

To = i ()
digy .

Usg = Rsigy + Log—— di’ ersqlsq (12)
— Reigg Loy Lygi 13
Usqg = Relsg + sq? + wr( sdlsd T I7bM) (13)

where w, is the electrical rotor speed, and the rest of the parameters are described in Section 3.1.2.
As the 1Py is constant, then Equation (11) of the electromagnetic torque can be rewritten as follows,

T, = Krigg (14)

where the K torque constant is,

3p
Kr = 7 M (15)
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As in the IM case, Equation (14) can be replaced in Equation (10), obtaining the following
Expression (17), which contains the first two equations of the dynamics of PMSM,

2
O g, on 7, (16)

Krisg == dt

In this sense, Equation (16) contains the electromagnetic and mechanical equations, while
Equations (12) and (13) contain the electrical equations.

2.3. Position Proportional Derivative with a Feed-Forward Controller Design

Figure 1 shows the complete vector position control scheme for the three-phase motor scheme,
employing the d—g synchronous rotating reference frame. The objective of this scheme is to regulate the
O mechanical position of the motor’s shaft, which is the main variable (outer loop), by using the PDg,,
regulator. This regulator provides the best electromagnetic torque current reference, is;*, according to
(7) and (15). On the other hand, the rotor flux current reference, is;*, imposes the value of the rotor flux
that the motor needs. This way, the inner loops (current loops) are controlled by two PI regulators,
where their objective is to get the best voltage references, vs;* and vy, corresponding to their current
references, is;* and is; ¥, respectively. The ABC -> dg block implements the Clarke-Park transformations,
and the dg -> ABC block the inverse Park—Clarke transformations. The voltage sourced inverter (VSI)
block represents the three-phase Voltage Sourced Inverter, which receives the control signals from the
SVPWM (Space Vector Pulse Width Modulation) block. This modulator generates the control signals
according to the voltage references obtained from the inner loops, asking to the inverter to generate
these voltages in its three-phase output. Calc 6; calculates the d—q synchronous rotating reference
frame’s angle with respect the a—f stationary reference frame. For that it is used the indirect vector
control, by integrating the ws synchronous speed. Thus for the PMSM motor, this speed is the same as
the w; electrical speed

ws = Wy (17)

which is obtained from the w;, mechanical speed (measured) by using this expression,

Wy = wmg (18)
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Figure 1. The proportional derivative position indirect vector control scheme for the three-phase motor.
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On the other hand, for the IM motor, this speed is given by Equation (19),
Ws = Wr + Wylip (19)
where the wg;p slip speed is calculated easily with Equation (20)

Ly Ry,
Wslip = l]b_n:L_:lsq (20)

As we have seen in the previous subsections, both three-phase machines have the same
electromechanical Equations (9) and (16). This way, the design of the position regulator for both
is the same. Taking into account that the dynamics of the two PI current regulators, the SVPWM
modulator and the VSI inverter are faster than the electromechanical and PD dynamics, then the
following simplified scheme can be obtained,

Thus, taking the electromechanical equation and considering null the load disturbance (T, = 0)
and applying Laplace’s transformation, the following transfer function can be obtained

Om(s) Kr/By1 _ Kr 1

G(s) = = = - 21
(s) Iq(s)  1+5Tms Js+Bos @1)
where 7, = J/B, is the mechanical time constant. Now taking the causal PD regulator
SKdgm
_ “om 22
PDQm(S) (Kp6m+s+val) ( )

where Kpg,, and Kdy,, are the proportional and derivative coefficients, respectively, of the PD regulator,
and wval is the absolute value of the pole to convert this regulator in the causal transfer function.
This value has to be large enough to simplify its dynamics compared with the zero’s dynamics.

The open loop transfer function (OLTF) of the simplified diagram presented in Figure 2, can be
obtained as:

- SKdgm KT 1
OLTFgy(s) = (Kpg t val)—]s T (23)
I;
6m * €om fsq * T e - 1 2 1 f]m -
PDs, > K, > e
¥ + Js+ B, $

Figure 2. Simplified scheme for proportion derivative (PD) position indirect vector control for the
three-phase motor.

It is well known from engineering control that at the wgcgy, gain cross-over frequency the module
is the unity
|OLTFgu(s)| =1 (24)

5= JjOGCom

and the phase Equation is (26), where PMy,, is the phase margin of the position loop

arg (OLTFgy(s))| = -180" + PMg,y, (25)

S=jwGcom
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Now;, taking the system of these two Equations, (25) and (26), where the wgcg,and PMg,,are the design
data, and by solving them, the two coefficients of the PD regulator (Kpg,;,and Kdg,,) necessary for that will
be obtained. For this resolution, the following group of intermediate variables are necessary (der,a,b)

2
den = (By + ] - val)*wecem™ + (Bo - val - wgcom — | - 0ccom’) (26)

K7 [(Kdgn + Kpom)*wccom® + (Kpew - val)?] = den (27)

a= wGCUm:S(BU + ]-val) + WGCoy, fg(PMgm)(B-U -val - WGCom — ]a)GC()m?’) (28)

b = (val-wc,, 2 tg(PMon) - wGcy,” ) (Bo + ] - val)
—(a)Gcem tg(PMgm) + val)(Bv -val - WGCop ~ ]a)GC9m3)

Kdgw = — don (30)
Kr \ wgeom?(1 +2:a/b) + (a/b)* (wGcom? + val?)

(29)

a
Kp@m = Kd@ml_) (31)

The effect of the Ty load disturbance can produce important problems when the objective is to get
an efficient position tracking. To avoid this problem, it can be added as a Feed-Forward (FF) action
in the controller, where for that it is necessary to know the disturbance’s value, Figure 3. This way,
the control law contains both actions, PD and FF,

r—-—-=n T;
I Lemmmm
gm* €om ; + Te - 1 @y, 1 gm\
TR sy, iéis;* K Js+B, 3

Figure 3. Simplified scheme for PD position control with Feed-Forward (FF) action for the
three-phase motor.

As in many cases it is impossible to know the load disturbance, and therefore an easy way to solve
this issue is to estimate it by using a load estimator or observer. A simple and effective load observer is
obtained directly from the electromechanical Equation (9)/(16),

2
4O -B 4O (33)

TL:TE_] dt_ vdt

2.4. Current Proportional Integral Controllers Design

The design of the current regulators or inner loops for both motors is very similar. In the IM
motor, the design of the two loops is done only for one, that is for i; current, considering that for iy
current the regulator is the same, [21]. This is due to that in both loops the oLs factor is the same, but in
the function of the expected results, it could be necessary for an independent tuning of both. Then for
the IM machine, taking the Equations (4) and (5), and considering that the last two terms of each one
are disturbances and neglecting them, where taking into account that the dynamics of the SVPWM
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modulator and VSI inverter are faster than the electrical and PI dynamics (Figure 1), then the following
transfer function and simplified scheme can be obtained for the is; current loop,

Isy(s) _ 1
Vi(s)  soLs+Rs

(34)

From Figure 4, the open loop transfer function (OLTF) of the simplified diagram is obtained,

Ki; 1
LTF;(s) = (Kp; —1)(—)
OLTF;(s) ( pi + s \R. ¥ soL. (35)
l.sq* ei, Vsq* 1 l.sq
+ .
-4 P “| sol, +R,

Figure 4. Simplified scheme of the PI regulator for is; and isy currents loops (induction motor (IM)
machine case).

As in the position loop has been done, we know that at the wgc; gain cross-over frequency the
module is the unity
|OLTE;(s)| =1 (36)

s=jwGci

where the phase equation is (37), in which PM; is the phase margin of the currents loop

arg (OLTF;(s))| = -180" + PM; (37)

s=jwaci

Next, taking these two equations, (36) and (37), being the wgc; and PM; design data, and solving
them, the two coefficients of PI regulator (Kp; and Ki;) necessaries to comply the imposed design are
obtained, where for this resolution the 6 intermediate variables is necessary

wge.Lso
o= tg(PM,- - g +arctg G;’ ’ (38)
S
Wi \/R52 + (wc;cl-LsfF)2
Ki; = (39)
1+ 6%

Ki;6
Kp; = — (40)

WGC;

In the PMSM machine, as Ly; and L, are different, it is correct to think that initially the tuning for
each loop would be different. However, a way to start with a tuning can be using the same tuning for
both, and go adjusting each one according to expected results. In this sense, an arithmetic mean value
of both stator inductances is necessary to calculate, that is Ls,

Ls = (Lsg + Lsg)/2 (41)

Then for the PMSM machine, taking Equations (12) and (13), and considering the last term of
each one as a disturbance and neglecting it, where as in the IM case, also taking into account that the
dynamics of the SVPWM modulator and VSI inverter are faster than the electrical and PI dynamics
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(Figure 1), then the following transfer function and simplified scheme can be obtained for the iy,
current loop,
Isy(s) B 1
Vi(s) ~ sLs+Rs

(42)

Like it was done for the IM machine, now the open loop transfer function (OLTF) of the simplified
diagram of Figure 5 is obtained for the PMSM,
Ki; 1
LTF;(s) = (Kp; —')(—) 4
OLTEi(s) ( pit s J\Rs +sLs (43)
where for the wgc; gain cross-over frequency the module and phase equations are obtained, (44) and
(45) respectively

OLTFi(s)|_ e, = 1 (44)
arg(OLTFi(s))L:ijCi = —180° + PM; (45)
isq* ei, Vsq 1 Isq
—> P SL+R

Figure 5. Simplified scheme of the PI regulator for is; and iz currents loops (permanent magnet
synchronous motor (PMSM) machine case).

Finally, taking this two equations system, (43) and (44), and solving them, where the wgc; and
PM; are the design data, the two coefficients of the PI regulator (Kp; and Ki;) are obtained, where for
this resolution the A intermediate variables is necessary.

wgce.L
A= tg(PMi - g +arctg (;{C’ S) (46)
S
P VR + (wec,Ls)? -
T e @
Ki;A
Kpi = $ (48)

As it can be seen, these last three equations are very similar to (38), (39) and (40), where the unique
difference is that oLs term for the IM machine has been replaced by L for the PMSM case.

2.5. Estability Demonstration of PD Position and PI Current Controlled Systems

The stability of the position closed loop is guaranteed choosing a PMy,, phase margin positive,
and the currents closed loops are stable while their PM; phase margin is positive.

3. Simulation and Experimental Results

3.1. Tests Benchees

The following two tests benches have been employed to do the experiments, Figure 6:
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PC with DS1103 PC with DS1006
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C L
(a) (b)

Figure 6. (a) IM tests bench and (b) PMSM tests bench.
3.1.1. IM Tests Bench

The IM tests platform is based on a M2AA 132M4 ABB industrial induction motor, of the die cast
aluminum squirrel-cage type, Figure 6a, with these parameters:

e D rated active power, 7.5 kW;

e V, rated stator voltage, 380 V;

o Tg, rated electromagnetic torque, 50 N-m;

e n,rated mechanical rotor speed, 1445 rpm (151.32 rad/s);
e R, stator resistance, 0.729 ();

e R, rotor resistance, 0.40 );

e L, magnetizing inductance, 0.1125 H;

e L, stator inductance, 0.1138 H;

e L., rotor inductance, 0.1152 H;

e 0, coefficient of magnetic dispersion, 0.0346 (dimensionless);
e  p,number of poles, 4;

e ], moment of inertia, 0.0503 kg-m2 ;

e By, viscous friction coefficient, 0.0105 N-m/(rad/s);

e I, rated stator current, 15.24 A;

° Isq, rated torque current, 20 A;

e I4, rated rotor flux current, 8.026 A;

e ¥, rated rotor flux, 0.9030 Wb.

The load disturbance is generated by employing a commercial 190U2 Unimotor synchronous AC
servo motor (controlled in torque) of 10.6 kW, which is mechanically connected in the shaft of the IM
machine. Both machines are connected to a DC bus of 537 V by using three-phase VSl inverters working
at 10 kHz of switching frequency. The control and monitoring tasks are done from a PC, in which
are installed MatLab/Simulink, dsControl and a DS1103 real time interface of dSpace. For measuring
the mechanical position, an incremental encoder of 4096 square pulses/revolution is used, where by
quadruplicating them it is getting a resolution of 0.000385 rad (0.022°).

3.1.2. PMSM Tests Bench

The PMSM experiments platform is built on a 142U2C300BACAA165240 Unimotor synchronous
AC servo motor (PMSM motor), Figure 6b, with the following parameters:

e D rated active power, 3.83 kW;
e V, rated stator voltage, 400 V;
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o T, rated electromagnetic torque, 12.2 N-m;

e n, rated mechanical rotor speed, 3000 rpm (314.16 rad/s);
e R, stator resistance, 0.49 Q);

e Ly, stator d inductance, 0.0039 H;

° qu, stator q inductance, 0.0069 H;

e  p,number of poles, 6;

e ], moment of inertia, 0.0055 kg~m2 ;

e By, viscous friction coefficient, 0.014 N-m/(rad/s);

e I, rated stator current, 7.62 A;

e Yy, rotor magnets flux, 0.3556 Wb.

The load disturbance is implemented by using another 142U2C300BACAA165240 Unimotor
commercial synchronous AC servo motor (controlled in torque) and is mechanically connected in the
shaft of the PMSM motor. The DC bus employed for both machines is one of 625 V and a switching
frequency of 10 kHz for each VSI. The control and monitoring system is also done from a PC, where
are installed MatLab/Simulink, dsControl and a DS1006 real time interface of dSpace. The mechanical
position is measured by employing the same incremental encoder and quadruplicated system that are
in the IM tests bench, and consequently getting the same resolution of 0.000385 rad (0.022°).

3.2. D1 and D2 Position and Currents Regulators Design

The bandwidth of these designs are for closed loop systems, by using the cross-over frequency
(wc), but as this frequency matches approximately with the open loop gain cross-over frequency
(wgc), then by choosing wgc the closed loop bandwidth is chosen. The following two tables (Tables 1
and 2) show two designs for each type of motor. For both, D1 is used to work with low-medium load
disturbances, and it takes a bandwidth (wgcg,,) between 40 and 50 rad/s, and a PMg,, around 70°.
For both kind of machines, D2 is employed for working with medium-height load disturbances, using
a higher bandwidth than in D1, between 75 and 85 rad/s, and PMy,, also higher than D1, around 80°,
to compensate better than D1 the effect of a higher load torque. If there is any interest to get more
derivative action (to get a faster response and to reduce oscillations in the response), keeping the same
bandwidyth, it is necessary to increase the PMy,,. Regarding the PI current regulators, the employed
tuning is valid for both designs in both machines and it is enough faster than the PD position regulator
and electromechanical dynamics (in order to neglect the fastest blocks, done in Section 2.3). The variable
val takes a value of 1000, (22). All regulators have been designed in continuous time but to do the
simulations and experiments, they have been discretized at 100 ps to take advantage of the switching
frequency (10 kHz).

Table 1. D1 and D2 position controller designs for the IM machine.

Design WGCcom PMGm waGcei PMi

D1 50 rad/s 74° 3000 rad/s 70°
Kpom = 11.1, Kdgm = 914.63, Kp; = 10.82, Ki; = 14401

D2 85 rad/s 79° 3000 rad/s 70°
Kpom = 15.23, Kdgm = 1597, Kp; = 10.82, Ki; = 14401

Table 2. D1 and D2 position controller designs for the PMSM machine.

Design WGCcom PMGm waGcei PMi

D1 45 rad/s 70° 3000 rad/s 70°
Kpom = 2.8, Kdgm = 139.25, Kp; = 15, Ki; = 18004

D2 75 rad/s 75° 3000 rad/s 70°

Kpom = 4.25, Kdgm = 248.15, Kp; = 15, Ki; = 18004
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3.3. Simulation and Experimental Results

Figure 7 shows both tests, simulation and experimental, using the D1 position regulator for IM.
The tests were using a position square waveform of 2 rad of amplitude and 0.25 Hz of frequency during
65, and also, a constant load torque of 25 N-m (50% of rated torque) starting from 3rd second to the end.
As it can be seen, the response of the motor was fast and without overshoot (a), (b) and (c). Moreover,
the position error in the steady state was practically 0 rad (0°) for the simulation case and less than
0.002 rad (0.1146°) for the experimental one, without load disturbance. With disturbance the position
error increased a bit, the simulation case error was less than 0.002 rad (0.1146°) and the experimental
case error was around 0.007 rad (0.4011°), but the position tracking was still very good. Regarding the
electromagnetic torque, (e), this was as smooth and effective as its current, (f), and the estimated load
torque was very similar to the load disturbance, demonstrating that the estimator worked fine. Finally,
the real rotor flux current, (g), tracked very properly its reference, consequently the machine generated
the imposed rotor flux. Comparing both tests, it could be observed that they were very similar.

reference
—  simreal
— expreal

Rotor Position (rad)

A
2
ks

ﬁ
o Pasitian Error
e
f”/
‘——._T\w
.
=
L

Pasition Error
oo o
S o o
B & 3
|

—_
1)

O Rotor Speed (radis)
@
o =
T
|
ﬁ
|
| \

Yo —
—  sim
o T T T T ]
40 R
E
2 2D—JL .
E O — T :
a -2D—H ; —  Tesim
e - Te exp
(G — TLestexp
0| L
L . L .
z
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()
=
B
(g) —  simreal

— expreal
reference

o 1 2 Timz - 4 5 6
Figure 7. Simulation and experimental tests” performances employing the D1 design for the IM
machine: (a) rotor position, reference and real (rad); (b) rotor position error (rad); (c) rotor position error
zoom (rad); (d) rotor speed (rad/s); (e) electromagnetic torque (Te), estimated load torque (TL est) and
load torque (TL), (N-m); (f) torque current, isq (A) and (g) rotor flux current, reference and real, isd (A).



Electronics 2020, 9, 241 12 of 16

Figure 8 shows the performance of the experimental test using the D2 position regulator for IM.
The test employs a position square waveform of 2 rad of amplitude and 0.25 Hz of frequency during
10 s, and also, a square load torque of 37.5 N-m (75% of rated torque) of amplitude and 0.25 Hz of
frequency. As it could be observed, the response of the motor was fast and with small overshoot a) and
(b). The position error in the steady state was small or equal to 0.015 rad (0.8594°), getting very good
tracking. In spite of high load disturbance, the electromagnetic torque, (c), was not aggressive and
neither was its current, (d). The estimated load torque also worked properly in the hard condition,
getting a very similar waveform to the load disturbance. The real rotor flux current, (e), also tracked

very properly its reference in hard conditions, this way the machine produced the imposed rotor flux
without any problem.

= I I I ‘ reference
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ﬂg o [ II\ | I‘I 1
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Figure 8. Experimental test employing the D2 design for the IM machine: (a) rotor position, reference
and real (rad); (b) rotor position error (rad); (c) rotor position error zoom (rad); (d) electromagnetic
torque (Te), estimated load torque (TL est) and load torque (TL), (N-m); (e) torque current, isq (A) and
(f) rotor flux current, reference and real, isd (A).

Figure 9 shows the simulation and experimental tests, using the D1 position regulator for PMSM.
The tests were using the same conditions employed in Figure 4, but now using a constant load torque
of 6.1 N-m (50% of rated torque). Seeing (a), (b) and (c) graphs, it could be observed the fast and
without overshoot response of the motor. Besides, the position error in the steady state tended to
be 0 rad (0°) for the simulation and also for the experimental case, without load disturbance. In the
presence of the disturbance, the position error increased a bit in the simulation case, producing an error
of 0.002 rad (0.1146°) and in the experimental case with an error around 0 rad (0°), getting excellent
position tracking. The electromagnetic torque, (e), was as smooth and effective as its current, (f), and
the estimator of load torque provided a value similar to the real load torque, demonstrating that the
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estimator worked properly. The real rotor flux current, (g), presents good tracking to 0 A (as it has
been designed), and as a consequence the machine generated only the magnets rotor flux.
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Figure 9. Simulation and experimental tests” performances employing the D1 design for the PMSM
machine: (a) rotor position, reference and real (rad); (b) rotor position error (rad); (c) rotor position
error zoom (rad); (d) rotor speed (rad/s); (e) electromagnetic torque (Te), estimated load torque (TL est)
and load torque (TL), (N-m); (f) torque current, isq (A); (g) rotor flux current, reference and real, isd (A).

Observing the simulation test and the experiment, we could realize that both had a large similarity.

Figure 10 shows the experimental performance of the D2 position regulator for the PMSM machine.
The test was the same as that employed and shown in Figure 5, but in this case using a square load
torque of 9.15 N-m (75% of rated torque). Observing the response of the motor, it was fast and with
small overshoot (a) and (b). The position error in the steady state was small or equal to 0.004 rad
(0.2292°), obtaining excellent position tracking taking into account the hard load disturbance conditions.
In spite of this, the electromagnetic torque, (c), was smooth, like its current, (d). The estimator of the
load torque also worked very fine, obtaining a very similar disturbance’s waveform. Finally, it could
be seen that the real rotor flux current, (e), tracked very properly its reference in these hard situations,
obtaining that the machine produced only the magnet rotor flux successfully.
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Figure 10. Experimental test employing the D2 design for the IM machine: (a) rotor position, reference
and real (rad); (b) rotor position error (rad); (c) rotor position error zoom (rad); (d) electromagnetic
torque (Te), estimated load torque (TL est) and load torque (TL), (N-m); (e) torque current, isq (A) and
(f) rotor flux current, reference and real, isd (A)

4. Conclusions

Taking into account the results obtained in the simulation and in the experimental tests, the next
conclusions could be remarked. For three-phase machines of several units of kW, a very good position
tracking was obtained employing a bandwidth (wgcen) between 40 and 50 rad/s, and a phase margin
(PMpgy,) around of 70° for the PD regulator, when a step type position reference and the load torque
was unknown and its value took up to 50% or less than the rated value of the electromagnetic torque.
Really excellent results were obtained, with a position error of 0.007 rad (0.4011°) for IM and 0.002 rad
(0.1146°) for PMSM. For load torque that was 75% or higher of the rated value of the electromagnetic
torque, a bandwidth (wgcen,) between 75 and 85 rad/s, and a phase margin (PMg,,) around of 80° were
necessary, obtaining also excellent results: a position error of 0.015 rad (0.8594°) for IM and between
0.004 rad (0.2292°) and 0, for PMSM. The PMSM motor provided better accuracy than the IM machine
by employing the same PD position controller. The implementation of the load torque estimator was
essential to obtain these results. Regarding the two PI inner loops, the tuning of a bandwidth (wgc;) of
3000 rad/s and a phase margin (PM;) of 70°, was adequate for both loops (is; and i), in both machines,
due to that the current tracking was also very good in all cases. Moreover, despite PMSM having
different stator inductances (Ls; and Ls), the solution was to get their arithmetic mean value (L;) and
employ it in tuning for both loops, obtaining good results.
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The methodology presented in this paper consists of a simple way to tune the position PD regulator
for the most employed kind of commercial/industrial three-phase motors, that is IM and PMSM,
obtaining excellent results, as well as much other advanced position controllers. This methodology
could be used for other three-phase machines like Switched Reluctance Motor (SRM), Brushless
DC (BLDC), Double Feed Induction Machine (DFIM) and including DC motors, for machines of
different power.
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