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Torque and Velocity Ripple Elimination of AC
Permanent Magnet Motor Control Systems
Using the Internal Model Principle

Wai-Chuen Gan, Member, IEEE and Li Qiu, Senior Member, IEEE

Abstract—This paper addresses the problem of torque and
velocity ripple elimination in AC permanent magnet (PM) motor
control systems. The torque ripples caused by DC offsets that
are present in the current sensors of the motor driver and the
digital-to-analog converters of the motion controller are studied
and formulated mathematically. These torque ripples eventually
generate velocity ripples at the speed output and degrade the
system performance. In this paper the torque ripples are modeled
as a sinusoidal function with a frequency depending on the motor
speed. The internal model principle (IMP) is then used to design
a controller to eliminate the torque and velocity ripples without
estimating the amplitude and the phase values of the sinusoidal
disturbance. A gain scheduled (GS) robust two degree of freedom
(2DOF) speed regulator based on the IMP and the pole-zero
placement is developed to eliminate the torque and velocity ripples
and achieve a desirable tracking response. Simulation and exper-
imental results reveal that the proposed GS robust 2DOF speed
regulator can effectively eliminate the torque ripples generated
by DC current offsets, and produce a velocity ripple-free output
response.

Index Terms—AC permanent magnet motor, gain scheduled
(GS) speed regulators, internal model principle (IMP), sinusoidal
disturbance, torque and velocity ripple elimination.

I. INTRODUCTION

RECISION speed-control systems are crucial in numerous
P industrial applications. For example, one typical appli-
cation can be found in the feed control of machine tools in
the manufacturing industry where accurate smooth position
and speed control are required for contour accuracy and small
surface roughness of the products [1], [2].

AC permanent magnet (PM) motors are attractive candidates
for high-performance industrial control applications such as the
one stated above. The maintenance of AC PM motors is min-
imal because of the brushless rotor construction. In addition, AC
PM motors have higher power to volume ratios than DC motors
have. However, the torque ripple generation in AC PM motor
systems limits the applications of AC PM motors in high-perfor-
mance speed and position control systems. In general, the distur-
bance torque ripples of AC PM motor control systems are com-
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posed of cogging torque, reluctance torque, mutual torque and
the DC current offset torque that is caused by the DC offsets of
the current sensors in the motor driver and the digital-to-analog
converters in the motion controller [3], [4]. The cogging and re-
luctance torque ripples are usually very small in magnitude for
optimally designed AC PM motors [9]; the mutual torque rip-
ples are present at the high frequency range (multiples of six
electrical shaft speed) and are often attenuated substantially by
the output mechanical systems [3]; the torque ripples due to cur-
rent offsets are dominant among the above four types of ripples
in a typical AC PM motor control system as the offsets from the
current sensors and digital-to-analog converters are difficult to
eliminate. In addition, the output mechanical system responses
can be deteriorated because of the low-fundamental frequency
of DC current offset torque ripples in comparison to that of mu-
tual torque ripples. There are many different techniques to elim-
inate the torque ripples of AC PM motor control systems [5].
These techniques can be divided into two categories. In the first
category, machine design is optimized so as to eliminate the cog-
ging and reluctance torque ripple generation of AC PM motors
[6], [7]. In the second category, different adaptive control algo-
rithms have been applied to eliminate the torque ripple of AC
PM motor control systems [3], [4], [8]. In these adaptive con-
trol algorithms, the amplitude and the phase values of the torque
ripple disturbance are first estimated and then used in the motor
controller to cancel the torque ripples.

In a practical high-performance AC PM motor control system,
the basic components consist of a motion controller, a current
tracking amplifier, a feedback encoder and an AC PM motor as
shownin Fig. 1. DC offsets are always present at the motor termi-
nals due to the digital-to-analog converter offsets of the motion
controller and the current sensor offsets of the current tracking
amplifier. These current offsets generate sinusoidal torque distur-
bances and, hence, produce velocity ripples at the system output.
The presentliterature [3], [6]-[8] concerns mostly the elimination
of the cogging torque, reluctance torque, and mutual torque, and
there is not much research devoted to the elimination of the torque
ripples caused by DC current offsets. In the past, the way to elimi-
nate these torqueripples was to purchase high grade and expensive
current sensors and digital-to-analog converters to minimize the
DC offset values, respectively; skillful operators or service engi-
neers were required to trim the offset values periodically as these
DC offset values drift with time slowly. The total cost of an au-
tomation machine is thus much increased. To replace the above
inefficientand high-costsolutions, the developmentof anovel and
cost-effective speed control algorithm to eliminate the torque rip-
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Fig. 1. AC PM motor control system.

ples caused by DC current offsets is discussed in this paper. This
proposed control algorithm can be classified into the second cat-
egory as mentioned before but without estimating the amplitude
and the phase values of the disturbance explicitly.

In this paper, the AC PM motor used in the motor control
system is assumed to be well designed so that the cogging
torque, reluctance torque, and mutual torque can be neglected,
and this assumption is often valid in high-performance applica-
tions [3], [9]. On the other hand, we focus on the elimination
of the torque ripples caused by DC current offsets. The torque
ripples caused by DC current offsets can be modeled by a
sinusoidal function with a known frequency. The disturbance
frequency has a fixed relationship with the speed input ref-
erence. The internal model principle (IMP) is applied in the
motor controller design to eliminate the torque ripples without
estimating the amplitude and the phase values of the sinusoidal
disturbance. A gain scheduled (GS) robust two degrees of
freedom (2DOF) speed regulator based on the IMP and the
pole-zero placement algorithm is designed so as to achieve
a desirable and velocity ripple-free output response for a
time-varying step reference input.

This paper is organized as follows. In Section II, a brief re-
view on the vector control of AC PM motors and the modeling
of the torque ripples caused by DC current offsets is given. In
Section III, the use of the IMP is proposed to eliminate the sinu-
soidal disturbance without estimating its amplitude and phase
values. As the disturbance frequency has a fixed relationship
with the input reference, the internal modes change with the
command input; thus, a GS robust 2DOF speed regulator based
on the IMP and the pole-zero placement algorithm is developed
for a time-varying step reference input. The stability issue of the
proposed GS robust 2DOF speed regulator is addressed. An im-
proved GS robust 2DOF speed regulator with the acceleration
profile input is then developed to enlarge the system stability
radius. The simulation results of the proposed GS robust 2DOF
speed regulators are presented in Section IV. In Section V, ex-
perimental results are compared with the simulation results to
validate our control methodology. Some concluding remarks are
given in Section VI.

II. VECTOR CONTROL OF AC PM MOTORS AND
DISTURBANCE MODELING

In this section, the vector control of AC PM motors is re-
viewed and the modeling of the torque ripple disturbance caused
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by the DC current offsets is discussed. A three phase AC PM
motor can be modeled in the d — ¢ frame by the following [10]:

. Ladig(t .
va(t) = Ruia(t) + de() — we(£)Lyig(t) )
. L,di,(t .
vg(t) = Ryig(t) + qTq() + we(t) (Laia(t) + Am) (2)
3P . . .
Te(t) = 279 [)‘m"’q(t) - (Lq - Ld)"’d(t)"’q(t)] 3)
and
dw(t
T(t) = m(t) = Jm# + Bpw(t) @)
where the parameters and variables have the following mean-
ings:
R, stator winding resistance;
P number of poles (even number);
Lq, L, d — q frame stator synchronous inductances;
Im moment of inertia;
B, friction constant;
Am constant magnetic flux;

d — q frame stator voltages;

iq(t), ig(t)  d — g frame stator currents;
T (%) electro-mechanical torque;
Ti(t) load torque;

w(t) rotor mechanical speed;
we(t) = rotor electrical speed.

(P/2)w(t)

The electrical time constants L/ R, and L,/ R are usually
much smaller than the dominant time constant of the outer speed
loop. For example, the bandwidth of the current loop is always
in the order of kilo hertz and the bandwidth of the outer speed
loop is in the order of 10 Hz generally. With a well-tuned cur-
rent loop controller, the dynamic equations (1) and (2) can be
eliminated. In this case, i4(t) and 4,(¢) become the system in-
puts. Furthermore, the vector control technique suggests to set
i4(t) = 0. This converts the nonlinear AC PM motor system
into a linear system

3P .
Te(t) = ggAmlq(t)
() = 7(t) = de“;—ff) + Buw(t).

When the motor current amplifier is connected to the power
source and the two current reference commands from the mo-
tion controller are kept at zero, a DC offset current induced
by the current sensor offsets and the digital-to-analog converter
offsets may be present in one or both of the closed loop con-
trolled phases and, thus, also in the third one [4]. Let I, I
be the two DC current offsets present at the motor terminals
due to the digital-to-analog converter offsets of the motion con-
troller and the current sensor offsets of the current amplifier.
Then I. = —(I,+ I;) is the third phase current offset, as shown
in (5) at the bottom of the next page.

Let 4% (t), 4;(t) and 4% (t) be the desired currents at the motor
terminals. When the three phase currents with offsets enter the
motor, the actual currents, ¢, (¢), ¢4(¢) and i (¢) can be computed
using the forward (abc frame to dq0 frame) transformation as in
(5), [10], [13], where 6.(t) + (7/2) is the commutation angle
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Fig. 2. System model with disturbance.

for an AC PM motor and 6.(t) = 0.(0) + fot we (t)dt is the
electrical angle. Then %,(t) is given by

ig(t) = ig (1) + iqor (1)

™

+iy (t) cos (98 (t) G

) + 4% (t) cos (ﬂe(t)

%),

is the desired current value at ¢ axis. The disturbance term

iqott(t) = % {Ia [COS (He(t) + g) m (06(t) ! %)]

+1, [Cos (He(t) - %) — cos <€e(t) + %)} } . (©

Similarly, for the d axis current

id(t)

where i%(¢) is the desired current value at d axis and is equal to
0 by employing vector control. The remaining disturbance term

1S
L
6

ot () = % {Ia [sin (05(@ + g) — sin <€e(t)
+, [Sin (96@) - %) (ee(t)

Finally 4o (¢) in (5) is still equal to zero since 4% (t) + 4;(t) +
i%(t) = 0. For surface PM rotor type AC servo motors, which
are popular in various industrial applications, we have L; =
L, [14]. With this property, the torque generation (3) can be

simplified as

ig(t) + idof(t)

Te(t) = 72 (1) + Tort (1)

where

is the desired torque and
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is the offset torque. Substituting (6) into (7), we get

Tot(t) = g/\mfa —g sin (0.(t)) + ? cos (He(t))]

+§)\m]b [\/gcos(ﬁe(t))} .

Physically, the interaction of the rotating magnetic field
excited by the permanent magnet and the stationary magnetic
field excited by the DC current flowing in the stator windings
will generate sinusoidal torque ripples. Mathematically, when
the output mechanical speed tracks closely with the refer-
ence input at the steady state, it follows that the relationship
wi(t) = we(t) = (P/2)w,(t) can be assumed where wy(t) is
defined as the disturbance torque can then be further simplified
and approximated by a sinusoidal function

Toﬂr(t) = Ad COS (wd(t)t — ¢d) (8)

where A, is the magnitude of the disturbance while ¢4 is the
phase of the disturbance. The disturbance frequency, wq(t), is a
slowly time-varying function in comparison to the cosine func-
tion.

In summary, after employing the vector control and the for-
mulation of the sinusoidal disturbance, the model of a vector
controlled AC PM motor with the torque ripple disturbance is
given by Fig. 2. Here, u(t) = 4} (t) is the input current, y(t) =
w(t) is the output mechanical speed, K; = (3/2)(P/2) A, is
the equivalent torque constant, d(t) = (7o (t) + 71(¢))/(K+)
where 7;(t) is the load torque which can be considered as an
unknown constant disturbance, 7o (%) is the torque disturbance
due to DC current offsets, and can be approximated by a sinu-
soidal function with a known frequency w,(¢) and an unknown
magnitude and phase. Our goal is to design a speed controller
so that the output speed tracks a constant reference or a time-
varying step reference and rejects the disturbance 7,(¢) and
7(t). Such a controller is required to be robust, i.e. to perform
the tracking and disturbance rejection even when the system pa-
rameters vary slightly, to have a good transient response, and to
have low complexity, i.e., to have an order as low as possible.

To eliminate completely and robustly the sinusoidal distur-
bance with the known frequency, the use of the IMP is neces-
sary. The IMP calls the use of the modes of the disturbance in
the controller as internal modes of the feedback loop. The esti-
mation of the amplitude and the phase values of the disturbance
is not necessary in the elimination of the sinusoidal disturbance.
In the next section, the development of speed regulators with the
internal modes of the disturbance for an AC PM motor control
system is addressed. The speed regulator is first designed with
the consideration of a constant speed reference so that the in-
ternal modes inside the speed controller are fixed too. Then a

3P GS speed regulator is designed for a time-varying step refer-
Toft (1) = 55/\mzqoﬂ(f) (7 ence.
iq(t) cos (e(t) + %) cos (Be(t) — &) cos (6e(t) + %T) )+ 1,
ia(t) | =5 |sin(6.(t)+3) sin(6(t)— %) sin(0(t) + ) iy (t) + I 5)
io(t) 1 1 1 is(t)+ 1.
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Fig. 3. A 2DOF controller structure.

III. CONTROLLER DESIGN

The problem of accomplishing robust tracking and distur-
bance rejection is called the robust regulator problem. The key
idea to solve a robust regulator problem is, based on the IMP, to
have the controller to include the modes of the reference and dis-
turbance. We also propose to use a 2DOF controller structure to
achieve better transient responses and simpler designs. A 2DOF
controller has a structure as shown in Fig. 3 with n denotes
the sensor noise. One of its advantages, in comparison with the
usual one degree of freedom or unity feedback structure, which
amounts to setting K1 (s) = K»(s), is that the tracking perfor-
mance depends mainly on K (), and the robustness and the dis-
turbance rejection performance depends only on K»(s). Hence
K (s) and K(s) can be designed with different considerations.

In this section, we first carry out the design of a linear time
invariant (LTT) robust 2DOF controller for a constant speed ref-
erence. Then a GS robust 2DOF controller for a slowly time-
varying speed step reference is designed by modifying the LTI
controller.

A. Controller Design for a Constant Reference

In this section, the input reference is assumed to be a constant
value w, so that wy = (P/2)w,. The 2DOF regulator structure
employed in our analysis is shown in Fig. 4. Here we follow the
design procedure for the robust 2DOF regulator using pole-zero
placement technique given in Appendix A. For our PM motor
control system, in reference to Fig. 4, we have a(s) = s +
(Bm/Jm) and b(s) = (K¢/Jy). Since the reference r(t) is a
step reference, it follows that m,.(s) = s. Since the disturbance
d(t) contains a sinusoidal function of frequency wg = (P/2)w,
and a constant function, it follows that mg(s) = s(s* + w3).
Therefore, m(s) = s(s? + w?). It follows that m(s)a(s) and
b(s) are coprime and a solution to the robust regulator problem
based on the IMP exists. Since n, = 1, we can choose n, = 0
according to (33). This leads to a controller of order equal to n,,,,
which is the lowest possible to achieve robust regulator. Hence

k(s) =m(s) = s (s* +w3) ©
and h(s) and ¢(s) have the following forms:
h(s) = hos® + his® 4+ hys + hs
q(s) = qos° + q15” + q25 + gs.

Choose the closed loop poles a1, a2 and a3 according to the dis-
turbance rejection specification and the remaining closed loop
pole a4 according to the transient tracking response specifica-
tion so that the closed loop characteristic polynomial is

6(s)=(s+a1)(s+ az)(s+ az)(s + aq)
= 84 + 6183 + 6282 + 638 + 54.
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Fig. 4. The 2DOF regulator structure.
Then by equating the coefficients of both sides of
8(s) = k(s)a(s) + b(s)h(s)
we can obtain
Im By,
h(] = Z <61 - I) (10)
ha _Jm (82 — w3) (11)
K, ¢
J, B
hy =2 [ 63 — wi=" 12
2=, < 3= wag ) (12)
J,
hy = =26,. 13
3=, (13)

Finally, as m,(s) = s, we can arbitrarily assign the roots of
q(s). Here we choose the three roots of ¢(s) to be exactly the
same as three roots of §(s) subject to the constraint ¢z = hg

h
q(s) = i

P (s +a1)(s + a2)(s + as)

(14)

where

h3

0= 10903
_ hg(()él =+ (05)] =+ Olg)

q1 =
o5 e% 10 %]
_ h3(aaas + azas + azag)
= [E5Ne10%:
q3 = hs.

In this way, the system from r to y is turned to a first order
system with a pole determined by the remaining root of 4(s)
and the transfer function is given by

Y(s) ay

R(s)  s+as

B. Controller Design for a Slowly Time-Varying Step Reference

The robust 2DOF regulator described in the previous section
is designed for a constant speed reference so that the tracking
error is zero at the steady state. However, there are many in-
dustrial applications that require a varying speed operation. In
this case, the sinusoidal disturbance has a varying frequency. In
order to achieve zero steady state error, we need to include an in-
ternal mode which varies with the disturbance frequency; other
parameters of the controller in general also need to be changed
with time to ensure that the closed loop system, which is time-
varying, is internally and externally stable. In this section the
development of a GS robust 2DOF regulator for a time-varying
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step reference to eliminate the torque and velocity ripples of AC
PM motors, is discussed.

The idea behind the GS robust 2DOF pole-zero placement
regulator is to replace the disturbance frequency wq in (9) and
(10)-(13) by wq(t) = (P/2)w,(t) as follows:

ka(t) =wi(t) (15)
ho(t) = ‘% <51 - lj—:) (16)
ha(t) = ‘% (62 — wi(1)) (17)
ha(t) =J7”: 8 —wﬁ(f)lj—:) (18)
hs(t) = %64 (19)

where w,y(t) is now the time-varying frequency of the distur-
bance. The coefficients of ¢(s) are constants as in (14). Fig. 5
shows the block diagram of the GS robust 2DOF speed regu-
lator. Let Z(t) = [21(t) z2(¢) x3(t)] and 4(t) = [r(t) y(¢) +
n(t)], the regulator can be implemented using the following ob-
server canonical realization

3(t) = Ak (D@(t) + [Br(t)  Bra(t)] ()

u(t) = Cr()&(t) + [Dr1(t)  Diea(t)] (t)
where
Ag(t) | Bri(t) Bgoa(t)
Ck(t) | Dx1(t) Di»(t)
0 10 T —ha(t)
_ | —wilt) 01| a2 —qowi(t) —ha(t) + ho(t)wi(t)
B 0 00 q3 —hs(t)
1 00| 0 —ho(t)

Since we need to deal with time-varying controller parameters,
the transfer function argument is no longer valid and instead,
the state space theory has to be invoked [17]. In the following,
the stability of the time-varying closed loop system under the
control by the proposed GS robust speed regulator is studied.
The linearized AC PM motor system plant can be represented
by the following state space equations:

4(t) = — a1z (t) + b1 (u(t) + d(1))
y(t) =za(t)

where a1 = B,/ Jm, b1 = Kt/ Jm, 24(t) is the state variable,
u(t) is the control input, d(¢) is the disturbance input and y(t)
is the control output. Let Z(t) = [z1(t) x2(t) z3(t) z4(¢)],
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r [ Ak (1) | Bk1i(t) Bga(t) ] u
| Cx () | Dx1(t) Di2(?)

y+n

Fig. 5. The GS robust 2DOF speed regulator.

w(t) = [r(t) d(t) n(t)] and §(t) = [u(t) y(t)]’, the closed loop

state space equations can be written as follows in reference to
Fig. 4:

z(t) = A(t)&(t) + B(t)a(t)
y(t) =C()x(t) + D(t)u(t)

where the system matrices are defined in (20).

The above system matrices can be transformed into an
observer canonical form so as to facilitate the stability
analysis by small gain theorem. A transformation ma-
trix P(t) is chosen accordingly to perform the task. Let

z(t) = [21(t) z2(t) 2z3(t) z4(t)]’ be the new state variables.
With the following transformation
0 0 1 0
LN |0 1 0 —wi(t)
0 0 0 b1

the closed loop system state space equations can be transformed
into the following:

A(t) = A(H)2(t) + B.(t)a(t)
g(t) =C.(t)z(t) + D.(t)a(t
where
[Az(t) Bz(t)]
C.(t) | D:(t)
_ [P‘l(t)A(wP(t)—P‘l(t)P(t) | PTH(H)B()
C(t)P(t) | D)
000 —(54 q3 0 —}Lg(t)
100 =634 (W2®) | g2 W2(t) —ha(t)
_lo1o0 —6s @ 0 —hy(t)
“loo01 —b6, g 0 —ho(t)
001 —blho(t) q0 0 —ho(t)
000 by 0 0 0

see (20) at the bottom of the page.
The polynomial §(s) = s* + 8,53 + 8352 + 835+ &, is the de-
sired closed loop characteristic equation defined in Appendix A.

0 1 0 —hl(t) q1 0 —hl(t)
—02() 0 1 —ho(t) +ho(DwR(t) | a2 —aqowd(t) O —ha(t) + ho(twR ()
Alt) | B)| _ 0 0 0 —hs(t) qs 0 —hs(t)
|:C(t) D(t):| - b1 0 0 —ay — blho(t) bl(]() bl —blho (t) (20)
1 00 ~ho(t) % 0 ~ho(t)
0 0 0 1 0 0 0
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According to the small gain theorem [16], the associated au-
tonomous system

00 0 —57 10 0
N B E RN N RS IPPUVA I
=1lo 1 o —&|*|o|@®) |g] [#®
001 -5 Lo 1

is internally uniformly exponentially stable if the following con-
dition is satisfied:

!
()

01’ 00 0 =67\ Lroql ™"
0 1 0 0 —6s 1

<ol {*T= 1o 1 0 —s 0
1 00 1 —6 ol

-1

= i =7 Q1)

S4+5133 +5232 +538+54 0o ’ o

where rg is defined as the stability radius. Therefore, as long
as the input reference does not change too fast, the condition
in (21) is satisfied, and the internal stability of the closed loop
system is preserved. Since the matrices B, (t), C.(t) and D, (t)
associated with the closed loop system are bounded, it follows
from [17], the closed loop system is also bounded input bounded
output (BIBO) stable if (21) is satisfied.

As wy(t) = (P/2)w,(t), if the differentiation of the input
speed reference w,.(t)’, or the acceleration profile, is available
to the controller, then the stability radius can be further enlarged.
By modifying the feedback gain ho(¢) in (18) as:

halt) = 32 [pa -0 5 - @2en)|. e
Now the closed loop system matrices are given by
A | B.(t)
{Cz @ | D (t)}
0 0 O —54 qs3 0 —}Lg(t)
1 0 O —63 q2 wﬁ (t) —hQ(t)
_ 0 1 0 —52 q1 0 —hl(t)
o 0 0 1 —51 qo 1 —hg(t)
0 0 1 —blho(t) qo 0 —ho(t)
0 0 O b1 0 0 0

Asnow A, (t) is a constant matrix and the other system matrices
B.(t), C.(t) and D,(t) are bounded, the system is internally
stable and BIBO stable.

In summary, the GS robust 2DOF regulators based on the IMP
and the pole-zero placement algorithm can be implemented with
an infinity stability radius provided that the differentiation of the
input speed reference w,.(t)’ is available for the input of the GS
robust 2DOF regulators. In this case, the new GS terms are given
by (15)-(19) except that hy(t) is given by (22).
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TABLE 1

MOTOR PARAMETERS
Im 0.144 x 10~ %kg-m?2
B, 5.416 x 10~*Nm/rad-s~!
Am 0.0283Wb
Lg, Lq 11.5mH
R 6.8 Q
P 8
Ki=3Exm 0.1698Nm/A
Encoder resolution | 8000 counts/rev
Rated speed 1000rpm
Rated torque 0.48Nm

Rated voltage
Rated current
Peak current

200V (phase to phase)
2.8A (phase)
5.6A (phase)

TABLE 1I
DESIGN SPECIFICATIONS FOR A STEP INPUT

Overshoot | 0%
Rise time | < 60ms

IV. SIMULATION RESULTS

Simulations are first performed to test the proposed control
algorithm. A 50 W (rated mechanical power) AC PM motor is
used in our simulations and experimental tests. The rated me-
chanical power is calculated using the formula P, = 27 N,.T..
where P, is the rated mechanical power, N,. is the motor rated
mechanical speed and 7. is the rated torque. The motor param-
eters are listed in Table I. The full motor model (1)—(4) is em-
bedded in MATLAB/SIMULINK for the simulation purpose.
Then we assume that a —0.08 A current offset is present at the
current sensor of phase 1 and a 0.05 A current offset at the cur-
rent sensor of phase 2. The above values are measured in the test
platform. PI controllers are used in the current loop so that an
approximated 1 kHz current loop bandwidth can be achieved.
In comparison to the required rise time of the motion specifica-
tion listed in Table II, the dynamics of the current loop is much
faster than that of the speed loop; thus the assumption of the
negligence of the current dynamics stated in Section II is justi-
fied.

The GS robust 2DOF speed regulator with the time-varying
gain (15)—(19) is tested with three input profiles. With the ad-
dition of the acceleration profile input, the improved GS robust
2DOF speed regulator with the new time-varying gain (22) can
be implemented so as to enlarge the stability radius.

The GS robust 2DOF speed regulator is first designed to sat-
isfy the motion specifications listed in Table II. According to the
design procedure listed in Section III, one of the possible solu-
tions is to choose the four closed loop poles at —40, —50, —60
and —80, and the three closed loop zeros at —50, —60 and —80.
Hence the overall system is a first order system with a single
pole at —40, the slowest closed loop pole. With this selection,
the rise time of the closed loop system is around 54 ms < 60 ms
and the overshoot-free step response is automatically satisfied
for a first-order low-pass system. The simulation results are
shown in Fig. 7. Other choices of the pole and zero locations
are possible but too fast closed loop poles may lead the signal
saturation problem and the current loop dynamics may not be
neglected if the bandwidth of the speed loop is close to that of
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the current loops. The GS robust 2DOF speed regulator is im-
plemented as in Fig. 5 with the following scheduled gains:

ko(t) =16w?2(t), ho(t) = 0.0163, hs(t) = 814.13
hi(t) =8.48 x 107° (19400 — 16w?2(t))
ha(t) =8.48 x 107° (712000 — 601.78w?(t))

and the constant gains are

qo = 0.0032, ¢ =0.6445, g¢o = 40.0283, g3 = 814.13.

The stability of this GS robust 2DOF speed regulator depends
on the stability radius rg and the differentiation of the input
reference |((P?/4)w?(t))’| in (21). Three input profiles with the
conditions,

&)
‘(%Zw,%(t))'

are tested with the proposed GS robust 2DOF speed regulator.

The first input profile is shown in the upper section of Fig. 6.
In the diagram, period 1 is used to test the GS robust 2DOF
speed regulator in response to a step reference change from 0 to
50 rad/sec. Then in period 2 and period 4, the GS robust 2DOF
speed regulator is tested with a ramp input. Finally, period 3,
5, and 6 are used for the high (rated speed), low and zero con-
stant speed tests. The term |((P?/4)w?(t))’| of the first profile
is shown in Fig. 6 and it is found that the maximum value of
|((P?/4)w?(t))'| = 2.88 x 10° is approximately equal to half
of the stability radius rs = 5.57 x 10°. In order to demonstrate
the effectiveness of the use of the IMP, another robust 2DOF
regulator is designed without including the sinusoidal distur-
bance modes. This can be done by simply assigning k(s) = s
in (9) and the dominant closed loop pole of this robust 2DOF
regulator is also placed at —40, the same one of the GS ro-
bust 2DOF speed regulator. The upper section of Fig. 7 shows
the output speed response when the robust 2DOF regulator ex-
cluding the sinusoidal disturbance modes is used; the output
speed is contaminated with ripples caused by the DC current
offset torque ripples. On the other hand, with the help of the
sinusoidal modes inside the speed regulator, the output speed
response of the GS robust 2DOF speed regulator shown in the
lower section of Fig. 7, achieves a desirable tracking response
without any velocity ripple contamination. In addition, the mo-
tion specifications listed in Table II are also satisfied when the
GS robust 2DOF speed regulator is used.

The sinusoidal disturbance torque is actually compensated by
the signal generated from the sinusoidal modes that we assigned
in the GS robust 2DOF speed regulator. The lower section of
Fig. 8 shows the torque command at the output of the GS robust
2DOF speed regulator. The sinusoidal signal generated at the
torque command can compensate the time-varying sinusoidal
disturbance so that no velocity ripple can be found at the motor
output speed. On the other hand, the torque command of the ro-
bust 2DOF regulator excluding the sinusoidal modes is shown
in the upper section of Fig. 8; the sinusoidal signal present at this

<Trs

p? '
<rs, |(7w3<t>)

and

>rs,
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Fig. 7.

torque command is derived from the contaminated speed output
and cannot compensate for the time-varying sinusoidal distur-
bance. The frequency spectrums of the error speed responses
are shown in Fig. 9. This spectrum plot is performed by sub-
tracting the frequency spectrum of the output speed response
from the one of the time-varying step reference input. When the
robust 2DOF regulator excluding the disturbance modes is used,
the error speed frequency spectrum has three large component
frequencies at 40 rad/sec, 200 rad/sec and 400 rad/sec which
correspond to the three constant speed tracking periods at 10
rad/sec, 50 rad/sec and 100 rad/sec. The error speed spectrum
of the motor control system using the GS robust 2DOF speed
regulator has a low value at all frequency. All the above results
demonstrated that the use of the IMP to eliminate the torque and
velocity ripples caused by DC current offsets is necessary and
effective.

The second profile used in the simulation test is shown
in Fig. 10. The acceleration rate of this profile is larger so
that the maximum value of |((P?/4)w?(t))'| is closer to the
stability radius rg. The upper section of Fig. 11 shows the
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The robust 2DOF speed regulator without sinusoidal modes
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Fig. 9. The frequency spectrum of the speed error.

output speed response; the poor speed responses can be found
at the turning corners at ¢ = 2s and ¢ = 3s when the value of
|((P?/4)w?(t))'| approaches the stability radius. As discussed
in Section III-B, the stability radius can be enlarged to infinity
if the term ((P?/4)w?(t))’, or the acceleration profile, is
available for the use by the GS controller. Then the improved
GS robust 2DOF speed regulator is implemented with the
following new gain defined in (22):

ha(t) = 8.48 x 107 [712 000 — 571.7802(t) — 16 (w? (t))/} .

The same input profile is tested with the improved GS robust
2DOF speed regulator and the output speed response is shown
in the lower section of Fig. 11. The desirable tracking responses
can be retrieved at the two turning corners. Therefore, the im-
proved GS robust 2DOF speed regulator with the acceleration
profile input is concluded to be the most effective controller in
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the elimination of the torque and velocity ripples caused by DC
current offsets.

To further test the proposed GS robust 2DOF speed
regulator, the third profile with the maximum value of
|((P?/(4)w2(t))'] > rs is shown in the upper section of
Fig. 12. Without the acceleration profile input, the speed
response is shown in the upper section of Fig. 13; the output
speed response is not good in general and at ¢ = 3s, as the
value of |((P?/4)w2(t))'| > rs, the output speed becomes
unstable and oscillatory. However, if the improved GS robust
2DOF speed regulator is implemented with the acceleration
profile input, a comparatively good speed response is obtained
and shown in the lower section of Fig. 13, and the stability
of the whole system remains. Smooth transitions can still be
maintained during the high speed turning corners at t = 2s
and ¢ = 3s. This simulation result shows the stability radius of
the overall system can be enlarged with the availability of the
acceleration input profile.
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V. EXPERIMENTAL RESULTS

Experiments are performed to further verify the effectiveness
of our proposed GS robust 2DOF speed regulators. Fig. 1 shows
the basic setup of our experiment. A dSPACE DS1102 DSP con-
troller board is used as our motion controller. In connection with
a MATLAB real-time workshop and SIMULINK, a fast proto-
typing working environment is achieved and, hence, code devel-
opment time can be saved. The DSP controller implements all
control algorithms with a sampling frequency 4 kHz. In every
control cycle the controller reads the motor encoder, performs
the control algorithm calculation, and then outputs two current
reference commands ¢, and ¢ to the current tracking amplifier.
The current tracking amplifier employed in the experiment can
deliver a rated current of 3 A and a peak current of 6 A. The
rated voltage of this motor amplifier is 200 V. The parameters
of the AC PM motor used in the test bed is listed in Table I. The
current driving capability of the motor amplifier is matched with
the AC PM motor because the rated current and the peak current

Authorized licensed use limited to: Hong Kong University of Science and Technology. Downloaded on April 01,2021 at 02:26:36 UTC from IEEE Xplore. Restrictions apply.

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 9, NO. 2, JUNE 2004

The robust 2DOF speed regulator exluding sinusoidal modes
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Fig. 14. The speed response of the robust 2DOF speed regulator without the
sinusoidal modes.

of the motor amplifier are barely above the ones of the AC PM
motor.

In the practical experiment, the improved GS robust 2DOF
speed regulator with the acceleration profile input is imple-
mented as in Fig. 5. The constant and time-varying scheduled
gains are listed as below:

qo =0.0032, ¢ = 0.6445, g, = 40.0283, ¢3 = 814.13
Eo(t) = 16w (t), ho(t) = 0.0163, hs(t) = 814.13
hi(t) =8.48 x 107° (19400 —16w?(t))
ha(t) =8.48 x 1072 [712 000—571.7802(t) — 16 (w,%(t))’] .

After setting up the whole system, the current offset values of
phase 1 and 2 at that particular time are measured and equal to
0.1 A and 0.09 A respectively. These values are different from
the ones used in Section IV because the two measurement are
made at different time and different operating temperature of the
motor driver. This also indicated that the offline compensation
cannot perform satisfactorily as the DC current offset values
drift with time and temperature. It should be emphasized that
the measured current offset values are never used in the speed
regulator design and the implementation so as to eliminate the
torque ripples.

The second profile described in the previous section is em-
ployed as the input in this practical experiment. In addition,
the robust 2DOF speed regulator without the sinusoidal modes,
stated in the previous section, is used to compare with the im-
proved GS robust 2DOF speed regulator with the sinusoidal
modes. The dominant closed loop poles of the two regulators
are the same. The speed response of the motor system con-
trolled using the robust 2DOF speed regulator without the si-
nusoidal modes is shown in Fig. 14 and the speed output is
contaminated with ripples. This concludes that a single inte-
grator inside the regulator cannot generate a proper signal to
eliminate the torque ripples. Fig. 15 depicts the speed response
when the improved GS robust 2DOF speed regulator is used;
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The improved GS robust 2DOF speed regulator with the acceleration profile input
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Fig. 15. The speed response of the improved GS robust 2DOF speed regulator
with the sinusoidal modes.

the output speed does not contain any ripple and achieves a de-
sirable tracking response. The motion specifications listed in
Table II are also satisfied. The time-varying sinusoidal modes
inside the regulator can generate an equal but opposite signal to
eliminate the torque and velocity ripples cause by the DC cur-
rent offsets.

The frequency spectrums of the speed error are shown in
Fig. 16. There are three large frequency components at 48
rad/sec, 240 rad/sec and 480 rad/sec if the robust 2DOF speed
regulator without the sinusoidal modes is used. These three
frequency components are corresponding to the three constant
speed tracking periods at 12 rad/sec, 60 rad/sec and 120 rad/sec
respectively. These frequency components are reduced almost
to zero if the improved GS robust 2DOF speed regulator with
the sinusoidal modes is employed. In addition, the error speed
frequency spectrum of the improved GS robust 2DOF speed
regulator has a low value at all frequency, this justifies the
assumption made in Section I that the AC PM motor used
in the control system has negligible cogging, reluctance and
mutual torque. Finally, Fig. 17 shows the input phase 1 current
command (Channel 3) and the actual phase 1 output current
value (Channel 2) when the speed reference input is the second
profile stated in the previous section; they track closely and this
validates that the current loop bandwidth is adequate in this
application and the assumption of the negligence of the current
dynamics stated in Section II is further justified.

The experimental results shown in this section match the sim-
ulation results. This demonstrated that the improved GS robust
2DOF speed regulator based on the IMP is an effective solu-
tion to eliminate the torque ripples in an AC PM motor control
system.

VI. CONCLUSIONS

In this paper the use of IMP to eliminate the torque and ve-
locity ripples caused by DC current offsets in AC PM control
systems is demonstrated to be an novel and effective solution.
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The model of the torque ripples caused by DC current offsets is
developed. Then a GS robust 2DOF speed regulator based on the
IMP is designed to eliminate the torque and velocity ripples for
a time-varying speed step reference. The stability of this speed
regulator depends on the closed loop system poles and the avail-
ability of the acceleration input profile. Another improved GS
robust 2DOF speed regulator with the addition of the accelera-
tion profile input, is constructed so as to maintain the stability
of the closed loop system all the time. Simulation and experi-
mental results reveal that the improved GS robust 2DOF speed
regulator can eliminate the torque and velocity ripples success-
fully in an AC PM motor control system. The proposed GS ro-
bust 2DOF speed regulators can include the sinusoidal modes
with different frequencies so as to compensate other torque rip-
ples such as the mutual, reluctance or cogging torque.

The improved GS robust 2DOF speed regulator design to
eliminate the torque and velocity ripples caused by DC current
offsets is dedicated to the automation machinery manufacturing.
With this speed regulator, common and low-cost current sen-
sors and digital-to-analog converters can still be used in AC PM
motor control systems; operators and service engineers do not
need to trim the offset values periodically. Thus the total cost of
an automation machine can be reduced and the output system
performance can be enhanced.

The regulator design algorithm discussed in this paper is not
limited to the torque ripples of AC PM motor control systems
due to DC offsets, but can also be generalized to the rejection
of any other torque ripples and sinusoidal external load torque
with known frequencies.

APPENDIX

A. Design of Robust 2DOF Regulators

In this appendix, we present a design procedure for robust
2DOF regulators shown in Fig. 3. Robust 2DOF regulators
were discussed in [11] and [12], in which the disturbance
and reference are assumed to have the same modes. In the
following we assume that they may have different modes.
Here the plant G(s) is assumed to be a general single input
single output (SISO) system while the reference input, r(t),
and the disturbance input, d(t), are assumed to have possibly
different modes. The design is based on a pole-zero placement
technique.

Let G(s) be a SISO plant described by a strictly proper
transfer function G(s) = b(s)/a(s), where

a(s) =s" +ays™ T+ ay,

b(s) =bys™ 4 bos™ E 4o+ by,

(23)
(24)

and it is assumed that a(s) and b(s) are coprime. The general
2DOF controller shown in Fig. 3 can be written as:

[Ki(s) - Ka(s)) = % (s) —h(s)] @)
where
k(s) =s™ +kys™ 14t k,, (26)
q(s) =qos™ + q18™ "+ + gn, (27)
h(s) = hos™ 4+ hys™ ' 4+ 4+ by, . (28)
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The 2DOF control structure then becomes as showninFig.4. The  Let the unstable modes of 7(¢) be the roots of monic poly-
transfer function from the input reference to the outputis givenby  nomial m,.(s) and those of d(t) be the roots of mg4(s). Let
the least common multiple of m,.(s) and mg4(s) be m(s). It is

Y{(s) — b(s)a(s) = b(s)q(s) well-known that the I’Ob];:lSt regula(to)r problenE i)s solvagbh)a, ie.,

R(s)  a(s)k(s) +b(s)h(s) 8(s) it is possible to design a controller so that the disturbance re-

jection and reference tracking are achieved, if and only if m(s)
and b(s) are coprime. Now assume that this condition is satis-

and the transfer function from the disturbance input to the output

s oiven b
s gtven by fied. Physically, according to the IMP [12], both the disturbance
Y(s)  b(s)k(s) rejection and reference tracking can be achieved robustly if the
D(s) B 5(s) unstable modes of the reference and disturbance are included in
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the controller. Mathematically, a solution to the robust regulator
problem [12] must satisfy

k(s) = g(s)m(s) (29)

and

h(s) = q(s) = f(s)mx(s)

where g(s) and f(s) are polynomials. Therefore, the design of
the robust 2DOF regulator amounts to the determination of poly-
nomials f(s), g(s) and h(s). A simple yet systematic way to
design g(s) and h(s) is to use the pole placement algorithm.
Denote

(30)

9(s) = 8" + g™ L+ .+ gn,. 31)

The closed loop characteristic polynomial is

k(s)a(s) + h(s)b(s) = g(s)m(s)a(s) + h(s)b(s) := 6(s).
(32)
Note that §(s) is a monic polynomial of degree ng + 1y, + 1g.
The purpose of pole placement is to design g(s) and h(s) so that
the roots of §(s) are arbitrarily assigned. Since m(s)a(s) and
b(s) are coprime, it can easily be shown that the pole placement
is possible if and only if

Ng > ng — 1. (33)

If this condition is satisfied, the coefficients of g(s) and h(s) can
be obtained by equating the coefficients of both sides of (32).
To eliminate the controller complexity we can choose n, =
ng — 1. After g(s) and h(s) are designed the closed loop transfer
function from r(¢) to y(¢) becomes

Y(s) _a(s)b(s) _ [h(s) = f(s)m(s)] b(s)
R(s)  6(s) 8(s) ’ (34)

We wish to design f(s) so that the undetermined n;, zeros of
this transfer function, i.e., the roots of h(s) — f(s)m.(s), can
be assigned in a desirable way. In general, f(s) does not have
enough degree of freedom to assign arbitrarily the roots of
h(s) — f(s)m.,(s). However, if the reference is a step function,
then m,.(s) = s and the nj, — 1 coefficients of f(s) can be used
to assign all, but one coefficients of h(s) — f(s)m,.(s) and,
hence, all roots of h(s) — f(s)m.(s). Therefore, in the case
when the reference is a step function, ny zeros of Y (s)/R(s)
can be arbitrarily assigned.
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