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~ Robust Speed Control of Permanent Magnet
Synchronous Motors Using
Two-Degrees-of-Freedom Control

Fortino Mendoza-Mondragén

and Juvenal Rodriguez-Reséndiz

Abstract—In this paper, a two-degrees-of-freedom
controller is proposed for robust speed regulation in per-
manent magnet synchronous motors (PMSM). Our proposal
constitutes an extension of a control scheme previously in-
troduced in the literature for permanent magnet brushed dc
motors to the case of PMSM. We formally prove global expo-
nential stability of the desired equilibrium point, and we take
into account the nonlinear motor electric dynamics during
the stability proof. Several experiments are presented,
which verify that the closed-loop control system is robust
with respect to parameter uncertainties and outstanding
torque disturbance rejection is performed. These results are
compared to those obtained with a standard proportional-
integral speed control scheme. We conclude that good
performance, simplicity, and easy controller commission-
ing in practice are significant advantages of our proposal,
which render it suitable for the motor drive community.

Index Terms—Field-oriented control (FOC), permanent
magnet synchronous motor (PMSM), robustness, speed
control, two-degree-of-freedom (2-DOF) control.

[. INTRODUCTION

PEED regulation of electric motors is an important re-
S quirement in many industrial applications such as robotics,
computer numerical control, traction motors, air conditioning,
pumps, etc. Recently, due to the need for higher efficiency and
lower size, the use of the permanent magnet synchronous motors
(PMSM) has been growing and replacing the induction motor
in applications such as electric vehicles and home appliances
[1], [2]. The main disadvantage of PMSM is that its model is
nonlinear, which complicates the controller design task. This
drawback has motivated many works reporting advanced con-
trol strategies [2]-[6], some of them trying to overcome many
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problems of the classic PI speed control [7]. However, many of
these controllers result in complex control laws that often lead to
an impractical solution for engineering commissioning, which
explains why the motor drive community and manufacturers
have not been enthusiastic with these proposals [8]. Moreover,
many of these control schemes focus on the round rotor motor
case [6], [7], and [9]-[12] because considering the salient rotor
case results in much more complex controllers (see [8] and [13],
for instance).

Standard field-oriented control (FOC) is still the workhorse
in industrial applications of PMSM because of its simplicity,
i.e., easy commissioning, reliability, and good performance
[14]-[16]. This control strategy is composed of two
proportional-integral (PI) inner current loops and one outer PI
speed loop [17]. However, this simple and successful idea has
been employed in practice using intuitive ideas and, commonly,
the formal design is intended to be performed using approximate
linear models of the closed-loop system, which is nonlinear for
the PMSM.

On the other hand, it is mentioned in [18] that although two-
degree-of-freedom (2-DOF) control is perceived as obsolete,
(see [19] for a recent approach that, however, is introduced
for brushed dc motors), it constitutes an excellent option for
robust speed control providing a practical solution for the elec-
tric drive community. In this respect, [20] and [21] proposed a
2-DOF control scheme that is intended for speed control in per-
manent magnet brushed dc motors. The reported experimental
results are satisfactory in what concerns to closed-loop system
robustness with respect to parameter uncertainties and exter-
nal torque disturbances. However, as many of the 2-DOF con-
trollers proposed in the literature, the design of control relies on
neglecting the electric motor dynamics during the design and
stability analysis, i.e., the PMSM dynamics is considered to be
a simple first-order system [18], [22], [23]. We stress that it is
important to perform controller design on the basis of a formal
stability proof, which takes into account the electric dynamics
because it is reasonable to wonder whether instability might ap-
pear if electrical dynamics are neglected [24], [25]. Moreover,
in the widely recognized book [14], where passivity-based con-
trol is introduced for controller design in ac motors, is stated
that another important reason to introduce a stability proof is to
present tuning guidelines that replace intuition when designing
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Fig. 2. Root locus diagrams for Fig. 1.
Fig. 1. Classical PI velocity control.
the controller. Motivated by the above arguments and the fact
that PMSMs are nonlinear, it is important to extend to the case
of PMSMs those controllers proposed in the literature under the
assumption that motors have linear modelS. Flg 3. Configuration of the 2-DOF robust controller.

In this paper, we extend the 2-DOF controller introduced
in [21] and [22], to speed regulation in PMSM, and we vali-
date the remarkable robustness properties of this controller with
respect to parameter uncertainties and external torque distur-
bances. The complete control scheme is composed of two inner
electric current loops driven PI controllers i.e., FOC, whereas a
2-DOF controller is designed for the motor mechanical subsys-
tem. Our contribution is stated as follows. We take into account
the nonlinear electric dynamics of the motor during the stability
analysis; our control scheme is simple for practical implemen-
tation and it is valid for both motor cases: round and salient
rotors. We formally prove global exponential stability of the
desired equilibrium point; the stability conditions that we find
are useful as tuning guidelines and they are intended to lead an
easy commissioning. The robustness and simplicity of the 2-
DOF controller make it suitable for commercial PMSM drives,
as the examples in [26]. Finally, we present several experimen-
tal results that validate the performance of the proposed control
system. Furthermore, experimental comparisons with classical
PI speed control are also presented.

This paper is organized as follows. Tuning of classical PI
velocity controllers is reviewed in Section II in order to motivate
design of 2-DOF controllers. A previously introduced 2-DOF
controller is reviewed in Section III. The PMSM model that we
consider is presented in Section IV. Our main contribution is
achieved in Section V. A study based on experiments is presented
in Section VI in order to test performance of our proposal.
Finally, some concluding remarks are given in Section VII.

Il. TUNING OF CLASSICAL Pl VELOCITY CONTROLLERS

Consider the block diagram shown in Fig. 1, where a classical
PI controller with gains k, and k; is used to control velocity
in a first-order mechanical system. Notice that £k = 1/.J and
a = B/.J, with J and B the system inertia and viscous friction
coefficient, respectively. Closed-loop transfer function is given
as follows (when D(s) = 0).

Suppose that it is desired that the closed-loop transient re-
sponse be as that of a first-order system with a pole at —1/7,
where 7, is the desired closed-loop time constant. The two pos-
sibilities for root locus are presented in Fig. 2, which depend
on the particular zero location —k; / k, . Black dots represent the
considered closed-loop poles.

Consider the situation given in Fig. 2(a). In order to ensure a
first-order closed-loop response with a pole at —1/7,, i.e., the

closed-loop pole at the left, closed-loop pole at the right must
cancel with zero at —k; /k,. If —k; /k, is small, i.e., k; is small,
the closed-loop pole at the right is very close to zero. The effect
of this pole cannot be canceled by any zero in the following
transfer function:

Y(s)

D(s)

—ks
s2 + (a+ kk,) s + kk;

which represents the effect of disturbance D(s), applied at the
plant input on the system output Y'(s). Thus, rejection of this
disturbance is very slow. Notice that if it is assumed that zero
at s = 0 in the above transfer function cancels with the closed-
loop pole at the right, then a nonzero steady state deviation due
to disturbance would exist, which is not true as long as k; # 0.

The integral gain k; can be increased, i.e., for a faster dis-
turbance rejection, as zero at —k; /k, is assigned further to the
left. Notice, however, that disturbance rejection performance is
limited by the plant time constant if a > k;/ k,. Hence, a satis-
factory disturbance rejection performance is accomplished only
if a < k; /k,. Thus, the situation in Fig. 2(b) must be consid-
ered. There, the two-real closed-loop poles are at the left of the
open-loop zero at —k; /k,. Under this condition, according to
[27, Lemma 8.3], overshoot is unavoidable, i.e., a first-order
closed-loop transient response is not possible even when the
closed-loop pole at the left is located at —1/7;..

On the other hand, a slow disturbance rejection can also be
improved by selecting two desired complex conjugated closed-
loop poles, i.e., by specifying a closed-loop transient response
exhibiting an overshoot, because this allows a larger ratio k; /k,,
[see Fig. 2(b)]. However, it is clear from Fig. 2(b) that, in such
a case, there exists a closed-loop zero that cannot be canceled,
which modifies the actual system response from that expected
when specifying the complex conjugated poles.

Thus, it is concluded that classical PI control has a fundamen-
tal limitation: There is not a tuning rule that allows to simul-
taneously achieve desired transient responses when a desired
velocity command is applied and when an external load dis-
turbance is applied [28], Ch. 5. This motivates design of new
control schemes such as 2-DOF controllers.

Ill. Two-DEGREES-OF-FREEDOM CONTROLLERS

According to the closed-loop configuration shown in
Fig. 3, the following two-degrees-of-freedom controller
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parameterization is proposed in [20] and [21] for robust per-
manent magnet brushed dc motor servo system:

A
Cal) = 51— QW)
_ Ghyl) 1
Cp(s) = (1—G,y(9)) (Pn(s) (1- Q(S))>

where P(s) and P, (s) represent, respectively, the actual plant
and the nominal model of the plant that are used in the control
design, G, (s) is the desired model from the commanded input
R(s) to the actual output Y(s), and Q(s) is a filter that de-
termines the robustness and the disturbance suppression perfor-
mance. According to the methodology presented in [20] and [21]
when Q(s) is designed as the following Butterworth second-
order filter:

1+ 1.41%7s
Q(s) = 2 2.2.2
14+1.41°7s+1.41°77s
and
1 1
Pn = T 5 G’I‘7 == 1
(5) Jos+ B, v(5) 7.8+ 1 M)

the following controller results

Ty [LA1P7 8% + (1 + ?—”1.41271) s+ 1;—"}

1.41% 7252

Cals) = 2)

where J,, > 0 and B,, > 0 represent the nominal motor inertia
and viscous friction coefficient, respectively, 7,. > 0 stands for
the desired closed-loop system time constant, and 73 > 0 is
the fundamental parameter of )(s), which must be chosen to
ensure the desired robustness and the disturbance suppression
performance.

In this respect, the fact that the sensitivity function, i.e., a
function that must be small to achieve robustness with respect
to parameter uncertainties, and the transfer function from ex-
ternal disturbance to system output are proportional to factor
(1 —Q(s)) is explained in [21]. Frequency response of this
factor is that of a high-pass filter with zero gain at zero fre-
quency whose corner frequency is close to 1/7;. Thus, better
closed-loop system robustness properties with respect to both
parameter uncertainties and external disturbances are achieved
as 1/7 is chosen larger than the bandwidth of the closed-loop
system, i.e., 1/7 > 1/7,.

Finally, we stress that P, (s) given in (1) assumes torque is
the plant input U (s).

IV. PM SYNCHRONOUS MOTOR MODEL

The standard DQ-model of a PMSM using Park transforma-
tion is given as

Loly = — RyIy +n,Lywl, + vg )

LI, = — R,

Jw= —bw+n, (L —

— TLpdeId —Ppw+ e 5)
Lq)Iqu—‘r(D]qu -1, (6)

where w, J, b, and T}, stand for rotor speed, inertia, viscous
friction coefficient, and the constant but unknown load torque,
respectively. Expressions in (4) and (5) represent the electri-
cal dynamics of the PMSM. Thus, vy and v, stand for the
applied voltages, I; and I, are the electric currents defined
correspondingly, whereas L,, L,, Ry, n, and ®,; are the
positive constants representing, respectively, inductance, resis-
tance, the number of pole pairs, and torque constant. Finally,
Ty =np(Lg — Ly)IqI; + ®arl, € R is the generated torque.
The salient rotor case is obtained when Ly # L, and the round
rotor case is obtained when Lq = L, = L.

V. ROBUST SPEED SERVO SYSTEM

Following Fig. 3, defining R(s) = W*(s) = w*/s with w* a
constant, Y'(s) = w(s), performing cancelations of powers of
s, and applying the inverse Laplace transform, we find that the
robust 2-DOF speed controller in (2) and (3), eq. (3) shown at
the bottom of this page, can be written as

u = pw+k/ dr+k”//
—|—l<:m/ // v)dvdodr — kyaw

o)dodr

Ty 14127283 + (1.41271 n %1.412712)

Cp(s) =

1.41%7, 7283

—kZA/’wr “A/ / o)dodr @)
0
J Ju (L4127 + 14122
kp = kl - 2
T, 1.41 7'1 T,
Jn (]. + B. ]. 4127'1) B, J,
ki = v ki = o kpa=—
1.41 Tl T 1.41% 77, il
Jn (1+ "14127'1) B
kia = o kia = —5—
4 1.41%72 AT T
+ (1 Be1a12n ) 5 4 2
3
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where w = w* — w. It is not difficult to verify that the following
expressions are equivalent to (7)

w= (ky +kpa) 0+ (ki +kia) z1 + (kii + Kiia) 22
+ kijizs + T + bw' (8)

t
k,
2 = /o w(r)dr —w*ik?:_ Ik/;A

¢ T
- Bokia azky A
- do — ot P2MA g 220pA
= /0 !w(c) 7o kis + Kiia e kii + Kiia
t T o k‘ ki
z3:/ {/ {/ @(V)dv—w*w}da—w*ﬂl I'A}dr
o Uo LJo Kiii iii
B bw* + 17, B *OégkpA
Kiii Kiii

where oy > 0, B2 > 0, g, a3, and [y, are real constants such
that oy + as + a3 =1 and ) + B = 1. Moreover, we can
write

=W, B =21, &3 =2 &)
if
alkpA _ kiia _ Bokia Oé2kpA _ Brkia (10)
ki+kia ki kit kiia ki + kiia ki

Hence, constants o, aa, (31, B2 have to be chosen in order to
satisfy these conditions. Now, consider the following controller:
t
vg = —rqly —n,Lowl, — Rdi/ Iy(t)ydt I;=0 (11)
0
U

Dy
(12)

U{I:

t
—ryp= Ry [ plr)ar =

where 74, r,, and R,; are the positive constant scalars, and
u is defined in (7), i.e., u is equivalent to (8). Adding and
subtracting terms bw*, n, (Lq — Lq)IdI;, and @, I, using the
second expression in (12), defining p = I, — I;, and using the
fact that w* = 0, we can rewrite (6) as

Jo= — (kp + k‘pA —|—b)&) - (k‘i + k‘iA)Zl — (kj,i + k/[,iA)ZQ
— ]{1,772’3 — np (Ld — Lq) Idp — np (Ld — L(I) IdI;
~dup (13)

which must be used along with (9). On the other hand, replacing
(12), i.e., vy, in (5), adding and subtracting terms L I R I*

q-q-
®)rw*, and ny Lqw™ Iy, and using second expression in (12), We
find

Lyp= —Ryp+n,Lawly —n,Law* Iy + @@
L,
[(k + kpA)w + (k' + k7A)
Dy
R, -
+ (kis + kija) 21 + Kigizo] — —[(kp + kpa) @
+ (ki + kia) 21 + (ki + kiza) 22 + kisizs] — Rgi&
(14)

Ry (bw* + TL)
&y R,

- [ 252

where R, = r, + R,. Finally, replacing (11) in (4) we have

5)

Laly =
© =1

(R +rd) RdL

(16)

Hence, the closed-loop dynamics are given by (9) and (13)—
(16). Note that (16) implies

[1a(t)] < [I((t), L)l < on [I(¢ (0), Lg (0))[} ™

vt >0 a7

For some constants «; >0, A >0, if R; +r; >0, and

Rg; > 0. Thus, we only have to analyze stability of the dy-

namics (9) and (13)—(15), under condition (17). Defining the

state of these dynamics as = = [z3, 22, 21, ®, &, p]T, it is not
difficult to realize that we can write (9) and (13)—(15) as
T = A11‘+A2(I)Id +A3[d (18)

where Az € RY is a constant vector, and A;(z) € R® has the
following entries:

,(Lg — L 1

Ay(4) = _ e L) "j] ) (p+%a)

Ao (6 :and‘;J ny (La — Lq) (ky + kpa) (p+ o)
q M

g = (kp +kpA)0~)+ (kq +kqu)Zl -+ (/{“ +kiiA)22
+ kijizs

and all the remaining entries are equal to zero. Notice that term
Ay (x)I; contains the nonlinear terms arising from the motor
model, which are bilinear and, hence, vector A, (z) is linear in x.
Hence, it is clear that || Ay (x)|| < ko||«|| for some finite positive
constant scalar k. Entries of matrix A; are zero excepting

A1(4,1) = — ki /T, A1(4,2) = —(ki; + kiia)/J
Ai1(4,3) = — (ki + kia)/J,
A (4,4) = —(ky + kpa +b)/J
A(4,6) = — Dy /T
A16,1) = ((hy + ya) /T — R/ LY
A1(6,2) = [((ky + kypa)/J —Rs/Ly)(kii + Kiia) — kiii] /Pur
A1(6,3) = [((ky + kpa)/J — R /L) (ki + kia)

— (ki + kiia)]/®u
A1(6,4) = [((kp +kpa)(ky + kpa +0)/J

— Ry (kp+kpa)/Lqg)— (ki + kia)l/®ar + ®ar /Ly
A1(6,5) = —Ryi/Lq, A1(6,6) = (ky +kya)/J — Rq/Ly
A1(1,2) = A1(2,3) = A1(3,4) = A1 (5,6) = 1. (19)
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Although (18) is a nonlinear differential equation, its solution
is given as

t
fv(t)=eA”x(0)+/ MDA (2(7)) 1a(7) + A La(7)]dr.
0

This can be corroborated by differentiating the above solution
to find (t) and to verify that (18) is satisfied. See [29], Proof of
Theorems 3 and 4, for an explanation on how to differentiate the
integral above. This requires Ay (z)I; + Asl, to be considered
as the input of a linear system. See [30, (A4)] for a similar
problem.

Assuming that matrix A; is Hurwitz, we have that
lert]] < yie ™1, for some positive scalars 7y, A;. Hence,
taking the Euclidean norm on both sides, using (17) and
|[A2(2)|| < ks2|z||, and by direct integration of the term

[y et ) || Ag ||| 14 (7)|dr we find that

lz@®)ll " <7 |2(0)]]

A - —
+ ’};|_|7)L31H011 H@(O),Id((n“(e Mt o M) ot

+A?nmmuwm»umma“]

X ||z (7)|| et dr

Using the Gronwall-Bellman inequality [31, Appendix A],
we find that

=)l < 71 ll=(0)] e~

7 || 43 _ _
+ 258 0), 1)) (e - )

_|_B(t)e*)»lie“/lk2a1“¢(0>a L (0)[/2 (20)

R Y O ENEORACT .

—
A2l As] kafa [l¢(0), La(0)[1)*
A=

e—)\t -1 e—(ZA—Al)t -1
x ( A 20 — A ) '

Note that 5= (e " — ™) > 0, forall t > 0,4 > 0,3, >
0, and converges exponentially to zero as time grows. Re-
viewing the procedure followed to obtain (20), we can verify
that B(t) > 0, for all t > 0, because ;=—(e ! —e ) > 0.
From (20), we conclude that x(t) converges globally and ex-
ponentially to zero if A > 0 and A; > 0. This completes the
proof of the following proposition, which constitutes our main
contribution.

Proposition 1: Consider the dynamic model (4)—(6) in a
closed loop with the controller (7), (11), and (12). The whole
state of the closed-loop system, i.e., x = [23, 20, 21, @, &, p] T
and I;, ¢, converges globally and exponentially to zero if
matrix A;, defined in (20), is Hurwitz, R, +r4 > 0, Rg; > 0
and conditions in (10) are satisfied. Controller gains must be
chosen such that these conditions be satisfied.

Fig. 4.

Block diagram of the test-bed configuration.

Remark 1: 1t is not difficult to verify that, using (7)

Ju (14 Zerar2n)

n

=

A _ kia
=7 =
Kisi kis + kiza

(14 Er1ar)

Tr

+ B,

If B,, is small, which is common in practice, the first condition
in (10) is satisfied using some 3o > 1 close to unity, and because
b1 + B2 = 1, second condition in (10) has to be satisfied using
some 31 < 0 and some as < 0. Hence, we have to choose an
(possibly large) a; > 0 satisfying the first condition in (10),
which requires a (possibly negative) real constant ag to satisfy
a1 4+ as + ag = 1. We stress that once both conditions in (10)
be evaluated, all of the constants (31, (2, a1, g, v are exactly
known.

VI. EXPERIMENTAL RESULT

In this section, the performance of the control scheme in-
troduced in this paper, designated from now on as the 2-DOF
speed controller, is evaluated. A comparison study is also pre-
sented, when a classical PI controller replaces the 2-DOF speed
controller in the outer loop, intended to regulate velocity, and
two identical classical PI electric current controllers are used.
When using the 2-DOF velocity controller, expressions in (11)
and (12) are employed. Fig. 4 shows the block diagram of the
experimental setup. The PMSM model Estun EMJ-04APB22 is
the motor to be controlled. A brushless dc (BLDC) motor model
Hurst DMA020402B101 is used to apply external step torque
disturbances at the PMSM shaft. The BLDC motor is controlled
using the servo amplifier BISA8 from the advanced motion
controls. Also, the shaft coupling of both motors includes a
mass to increase the inertia of the whole system. Hence, inertia
uncertainties can be introduced when required.

Controllers to be tested were implemented in the Texas In-
struments development kit TMDSHVMTRPFCKIT, with a mi-
crocontroller TMS320F28335. Integral operations involved in
these controllers were numerically calculated using the trape-
zoidal method. Notice that the proposed controller given in (7)
leads to implementation issues such as iterated integral over-
flow. Nevertheless, this problem is avoided using the equivalent
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Fig. 5.

Experimental setup.

TABLE |
NOMINAL PARAMETERS OF THE PMSM MoDEL ESTUN EMJ-04APB22

Variable Value
Rated power 400 W
Rated phase current 2.7 Aims
Rated phase to phase voltage 200 Vims
Rated speed 3000 r/min
Rated torque 1.27 N-m
Encoder resolution 10 000 counts/rev

Number of poles pairs (n,,) 4

Stator winding resistance (R ) 278
Stator inductance (L = Lq = L) 8.5 mH
Torque constant (P ;) 0.301 N-m/A
Flux linkage (k. ) 0.0615 Wb

31.69¢ 6 kg- m?
52.79¢76 N-m- s/rad

Nominal inertia (.J)
Nominal viscous friction (b)

Nominal static friction (c¢) 0.0289 N-m
TABLE Il
TEST-BED PARAMETERS
Variable Value

167.1¢5 kg-m? 52
106.9¢e™0 N-m-s/rad 20
0.0384 N-m 1.32¢

Total inertia (J7 )
Total viscous friction (b7 )
Total static friction (cr)

expression in (8). Sampling period used to control the motor
electric currents I, and I; was 100 us whereas sampling pe-
riod used to control speed was 500 ps. Variables were measured
using a 16-b digital-analog converter card with four channels.
These values were updated every 100 us and collected by a
Tektronix MDO3024 oscilloscope (see the experimental setup
in Fig. 5).

The PMSM nominal parameters are shown in Table I. In order
to evaluate the effectiveness of the 2-DOF speed controller, the
PMSM was tested under several conditions such as speed reg-
ulation, torque disturbance rejection, and parameter variations.
The BLDC coupled motor is used to increase the nominal pa-
rameters and to introduce torque disturbances. When the BLDC
motor is coupled to the PMSM, the shaft parameters change to
those as shown in Table II. We designate these parameters as the
test-bed parameters. Notice that the most critical parameter, i.e.,

Tek Stop [ - I 1
: €@ 00005

’Mv .. .. - 8 .. 0 50.00ms
Ty = A50.00ms

[ i, dv/dt

49.06mV
3.048V |7

A3.000V

59.99 V/s

73 o
& 200mhp

g 2.00V fos T[:Imms
(a)

1.00kS/s [ W3 ][

20ct 2017
1000 points 252V

11:49:35

Tekstop | e — = — 1
00
. © 0.000s 34.06mV
A,"" . c . ® 50.00ms 3199V '
H"W T, =A50.00ms A3.165V
bt ol bttt dv/dt 63.30V/s Jo
L e
O_ - A AP I BV AUV AR AA NN AR AN A AN AR AN AR ARAR ]
63.2%
“
E) ) 5 200V — O ][100ms 1.00kS/s (_)/ ][ zm:tzn]
& 200ms—p (4] » u 1000 points 252V 11:16:04
(b)
Fig. 6. Experimental response to a step speed command under nomi-

nal conditions. (a) Pl controller. (b) 2-DOF controller.

inertia, changes more than five times and the viscous friction co-
efficient increases two times when the BLDC motor is coupled
to the PMSM shaft. We also include unmodeled parameters,
such as the static friction.

A. Step Speed Command

In this test, speed control was performed under nominal con-
ditions given in Table I, i.e., PMSM is controlled without cou-
pling the BLDC motor to its shaft. The desired closed-loop
time response is set to be of first order with a time con-
stant of 50 ms. The commanded speed step magnitude was
w* = 1500 r/min. The resulting responses are shown in Fig. 6.
The desired speed and measured speed w* and w are indicated
with the orange and black traces, respectively, with a scaling
factor of 3000 r/min/10 V. This speed scaling factor is used in
all the reported experiments. The red and green traces indicate
the I, current error (p) and the I, current error, respectively,
with a scaling factor of 1 A/1 V. This electric current scaling
factor is used in all the reported experiments, also the color
traces.

It is verified that the measured speed at At = 50 m is 63.2%
of w* for the 2-DOF controller and a little bit lower when the
classical PI controller is used. This was the best tuning achieved
empirically for the classical PI velocity controller following
ideas in Section IL, i.e., by choosing a small ratio k;, /k,., com-
pared to 1/7,.. Thus, both controllers respond as desired in this
test. However, the real performance improvement achieved by
the 2-DOF controller will be observed in the next experiments



MENDOZA-MONDRAGON et al.: ROBUST SPEED CONTROL OF PMSM USING TWO-DEGREES-OF-FREEDOM CONTROL

6105

TABLE IlI
CONTROLLER PARAMETERS

2-DOF speed controller
Tr T1 Dy JIn By,

0.301  31.69¢ %  52.79¢ 6

PI speed controller

50 ms 1.8 ms

kpw km}
0.0038  0.02

1, and I current controller

rq Tq Ry; Ryi
PI 60 60 6000 6000
2-DOF 60 60 6000 6000
Tek Stop I =T, | ]
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Fig. 7. Experimental result of the step response of the Pl and the
2-DOF controller under an inertia change.

when parameter uncertainties and external load disturbances
appear. Parameters of controllers are shown in Table III. In the
case of the 2-DOF speed controller, parameters in Table III
were checked to satisfy all the stability conditions in estab-
lished in Proposition 1. Notice that all the controller gains can
be computed from the parameters in Table I11. Parameter 7, was
chosen using the criterion in the last paragraph of Section III,
ie.,1/m > 1/7,. Alsoremark that J, = J and B,, = .

B. Robustness to Inertia Variation

In this test, the BLDC motor was coupled to the PMSM shaft
in order to increase inertia to Jy = 5.2 J. The BLDC motor was
not used to generate any torque. Also notice that, as explained
above, this also modifies the other test-bed parameters shown
in Table II. Gains in Table III, i.e., those used in the previous
experiments, were used again for both controllers. As it is ob-
served in Fig. 7, the 2-DOF controller (blue trace) still gives the
same desired transient and steady state responses. This proves
robustness with respect to inertia changes. Although the use of
PI velocity controller (black trace) results in a rise time that is
similar to the settling time achieved with the 2-DOF controller,
an overshoot is produced that renders the settling time larger
achieved with the PI velocity controller.

Although there are many works in the literature that overcome
the problem of inertia changes with complex solutions such as
online inertia estimation or adaptive controllers [7], [32], the

(@ : o 200V 0 J[ZOOm: oo © / ][ 27 Sep 2017]
(4 u 100k points 252V 20:19:26
(@ 2008 — 1 200ms )
(a)
Tekhw [ [ @ — ATrig?
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R
B
@ > o @ 200V -0 J[ZOOms 50,05/ &/ ][ 27 Sep 2017]
© > o 100k points 2.52v 19:51:14
(@ 2008 1h
(b)
Fig. 8. Experimental results of the step response under parameter

variation and load disturbance. (a) PI controller. (b) 2-DOF controller.

reported experimental results in [4], [5], [7], and [33] consider
changes of less than three times the nominal inertia. In this
respect, note that the results obtained in this paper with a 2-DOF
controller considers change of five times the nominal inertia
providing a simple and effective manner to address this problem.

C. Robustness to Motor Parameters Variation and Load
Disturbances

In this test, the BLDC motor is coupled to the PMSM shaft.
Thus, test-bed parameters have changed to those shown in
Table 11, i.e., the motor will be tested under inertia, viscous
friction, and static friction variations and, also, step torque load
disturbances will be applied. Parameters of the 2-DOF controller
are kept the same as in Table 111, in order to verify the robustness
of this controller. On the other hand, the PI controller gains have
been adjusted to k,,,, = 0.14 and k;,, = 0.15 in order to achieve
the 50-ms time constant again. This has been done to render fair
comparison, since it is clear that the new test-bed parameters,
shown in Table II, require new PI controller gains to achieve the
same time constant. In this test, the BLDC motor applies torque
disturbances of +/-0.25 N-m (cyan trace, with a torque scaling
factor of 0.25 N-m/10 V, as in all the reported experiments) at a
steady state.

Fig. 8(a) shows response with the PI speed controller. As we
can see, the speed regulation is deteriorated by torque distur-
bances. Although the PI controller can accomplish the desired
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Fig. 9. Step response of the 2-DOF with an over- and underestimated

torque constant.

transient response, it is not capable to achieve a good disturbance
rejection. On the other hand, response with the 2-DOF controller
is shown in Fig. 8(b). As we can see, parameter variations do
not affect the desired time response and torque disturbances
are rejected very fast. Notice that the parameter variations that
we have considered are larger than the parameter variations re-
ported in previous experimental results [7]. From Figs. 7 and 8,
we conclude that the 2-DOF controller is more robust than the
classical PI controller with respect to parameter uncertainties
and load disturbances. Additionally, regardless of the desired
speed reference, the transient response is also preserved, this
property, known as the nominal performance recovery, is stud-
ied in [34] for ac machines. However, the (nonlinear) electric
dynamics of the ac machine is not taken into account.

D. Mismatch of the Nominal Torque Constant

From (12), we can see that the 2-DOF controller output is
directly related to the knowledge of the motor torque constant.
However, in practice, this constant may not be accurately known,
or it might be affected by temperature changes during the nor-
mal motor operation. Fig. 9 shows the speed response to a com-
manded step speed change under parameter changes and torque
disturbance, i.e., when the BLDC motor is coupled to the PMSM
shaft. Black trace represents the response when torque constant
is assumed to be two times the nominal torque constant, whereas
blue trace represents the response when torque constant is as-
sumed to be of half the nominal torque constant. Observe that
transient response is preserved, however, response to external
torque disturbances presents oscillations due to overestimation
of torque constant. This behavior can be attributed to the fact that
for a higher value of the torque constant the commanded cur-
rent is lower and this decreases the robustness of the controller.
However, as remarked in [35], an increase in the temperature
leads to a lower generated torque by the PMSM. Notice that, in
such a case, the 2-DOF speed controller still gives the desired
transient response with an excellent robustness to load changes.

E. Underestimated Viscous Friction

As we can see in (7), viscous friction is another parameter
required to compute the 2-DOF controller gains. However, in

Tek stop [ P - —

R4y
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Fig. 10.  Step response and disturbance rejection of the 2-DOF when

B,, is considered close to zero.
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Disturbance rejection when different time constants are em-

practice, viscous friction is a value that rarely appears in the
motor nameplate. In Fig. 10, speed response is presented when
controller gains are computed assuming that B,, = 1.07'2 and
all of the other parameters in Table III remain the same. Notice
that BB,, cannot be zero. In this test, the BLDC motor is coupled
to the PMSM shaft to introduce some step torque disturbances.
We realize that the obtained response is almost identical to the
response in Fig. 8(b), i.e., when all of the parameters in Table III
are used. This proves that the 2-DOF controller is robust to the
uncertainty in the viscous friction coefficient.

F. Changes in the Desired Time Constant

Finally, the 2-DOF controller is tested when different desired
time constants are required in the presence of external torque
disturbances. As we can see in Fig. 11, the desired transient
response is decoupled from the disturbance rejection perfor-
mance. According to this and all of the above results, a simple
tuning procedure is followed as: Choose the desired time con-
stant (7, ), consider an approximate inertia (.J,, ), use very small
(=2 0) viscous friction coefficient (B, ), and choose a desired ro-
bustness performance (7 ) such that 1/7; > 1/7,.. Hence, sim-
plicity in selection of the controller parameters is an important
advantage of 2-DOF control with respect to classical PI speed
control where transient response is coupled to disturbance rejec-
tion performance. We remark that 2-DOF controller, as the PI
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controller, can be tuned using two main parameters (J,,, 71 and
kpw, ki respectively). However, the 2-DOF parameters have a
clear physical interpretation making the tuning easier for en-
gineering commissioning, notice that 7, is considered a free
parameter not a tuning gain.

VIl. CONCLUSION

In this paper, we presented a two-degrees-of-freedom con-
troller for speed regulation in PMSM. Our proposal extends a
previously introduced controller for permanent magnet brushed
dc motors to the case of PMSM. The control scheme that we
propose includes two internal electric current loops driven by
proportional and PI controllers, i.e., FOC of PMSM. Our main
contribution is that the nonlinear electrical dynamics of the
PMSM is taken into account during the stability analysis and
we formally prove global exponential stability. The resulting
controller offers a simple and effective control strategy for ad-
justable speed in PMSM drives. The resulting stability condi-
tions provide a practical tuning guideline for the main param-
eters J,, and 7. It is worth mentioning that time constant 7,
can be chosen independently of the desired robustness 7. Per-
formance achieved is tested through several experiments where
a comparison with the classical PI speed controller is also pre-
sented. Although parameters of the proposed controller depend
on the nominal parameters of the motor, the closed-loop sys-
tem is robust with respect to parameter uncertainties and exter-
nal torque disturbances. Moreover, a superior performance is
observed when compared with classical PI speed control. An
important contribution of our proposal is that it constitutes a
simple controller that is valid for both classes of PMSM: the
round and salient rotor cases. Future research will focus on the
position regulation and trajectory tracking.
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