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ABSTRACT Owing to the severe load torque fluctuation, the speed ripple is a significant concern for
the compressor drive system, especially within low frequency range. To address this issue, a zero-pole
cancellation (ZPC) based iterative learning control (ILC) method is proposed for speed ripple suppression in
this paper. The load torque characteristic is obtained based on the estimated speed harmonics. The essence of
the speed ripple is investigated utilizing the compressor mechanical model, which attributes to the conjugate
poles effect of the load torque term at the specific mechanical frequency. The zero point of the conventional
ILC method is fixed at s=0, which can hardly reduce the dominant poles effect of the torque term. Afterwards,
the poles’ matching function is analytically derived to cancel out the dominant poles of the torque term, and
then the specific order harmonic can be effectively suppressed. Considering the non-periodic disturbance
caused by the operating frequency and temperature variation, the error correction law is designed to avoid
the error accumulation and ensure the performance of proposed ILC method. Finally, the effectiveness of the
method is validated by experiments through a 750W compressor drive system. Experimental results indicate
that the total speed ripples reduce by nearly 60% and each harmonic component of the speed ripple can be
effectively suppressed according to the FFT results.

INDEX TERMS PMSM-compressor drive, torque ripple, iterative learning control, speed harmonics.

I. INTRODUCTION

Owing to high power density, efficiency and wide speed
range, the permanent magnet synchronous motor (PMSM)
has been popular in electric vehicles, electric aircrafts and
household appliances [1], [2], [3]. Compared with the recip-
rocating compressor, the PMSM based single rolling rotor
compressor is commonly used in the air conditioner system
due to low vibration and fewer piston parts. In general, the
compressor is sealed inside the compression cylinder filled
with refrigerant and the hall sensors or encoders will fail
to acquire the position or speed information [4], [5], [6].
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Influenced by the eccentric placement of the rotor and the as
shown in FIGURE 1, where the friction always exists between
the slider and rotor during the compressor operation process.
The rotor is linked with the motor through the crankshaft,
and the closed volume continues to shrink as the crankshaft
rotates, which results in the high refrigerant pressure. The
discharge process will continue as the pressure reaching the
exhaust point. Therefore, the periodic load torque varies with
refrigerant pressure and easily leads to unstable operation,
which is still a significant concern limiting the dynamic
performance of the compressor.

The torque ripple is mainly investigated form aspects such
as motor design, control effects of the inverter, and inher-
ent load characteristic considering the specific application.
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FIGURE 1. Structure of the single rolling rotor compressor section part.

The average torque and torque ripple are analyzed from the
motor structure in [7], harmonics of motor flux and cogging
torque also produce periodic disturbance and is independent
of the stator current [8], the torque ripple caused by the rotor
position error in [9] is analytically discussed. In addition, the
change in hardware topology with reduced DC-link capacitor
will leads to periodic speed ripple synchronized with the
fluctuated DC-link voltage [10], [11]. Therefore, the torque
ripple is inevitable both during the motor design stage or
motor control stage. The compressor in the air-conditioner
repeats the process of inhaling, compression and exhausting
to circulate the refrigerant. The pressure difference between
the input and output of the copper pipe contributes to complex
characteristic of the load torque, which results in periodic
speed ripple and is different from that in [7], [8], [9], [10],
and [11]. On account of different factors of torque or speed
ripple, many researchers dedicated to reducing the speed
ripple through motor design and inverter control. For the
motor design stage, the shifting angle of permanent mag-
net (PM) and open angle of air barriers are introduced to
reduce the torque ripple in [7], the comparison between the
shaped PMs and conventional tile PMs are discussed from
aspects of torque ripple and average torque [12], whereas the
latter mainly focuses on the motor current modification to
improve the speed ripple. The source of torque ripple from
harmonics of rotor flux, cogging torque, and dead-band time
of inverter are modeled in [8], where a proportional-integral-
resonant (PIR) controller is adopted in both current and speed
loop considering the optimal phase adjustment. A generalized
torque ripple model produced by the rotor position error is
deduced in [9], and a compensation algorithm is proposed
based on the non-idealities of the rotor position sensor. The
of harmonic current are optimized by several algorithms such
as the least mean square based adaptive filter [13] or genetic
algorithm [14] based on the torque model of the PMSM,
where the harmonics of stator voltage, stator current and PM
flux linkage are included.

In summary, the above-mentioned methods are based
on the motor electrical model, where the accurate motor
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parameters or optimization algorithms are used to achieve
accurate torque ripple predication. However, the character-
istic of the load torque itself is easily ignored under this
condition especially for some specific applications, and the
overall cost is another concern since the complex harmonic
current design which depends on the high-performance con-
troller. From another aspect, the torque ripple can be clearly
reflected in the motor speed which seems to be result of the
torque ripple [11], [15], [16], [17]. Therefore, the result-to-
reason prospect is investigated and the speed ripple should be
analytically modeled first. Both the torque and speed ripples
are linked through the mechanical/motion model; thus, the
mechanical model-based approach is developed to reduce
speed ripple. Two iterative learning control (ILC) strategies
in time and frequency domain are compared to minimize the
periodic speed ripples caused by torque pulsation in [15] from
the equation of the motor dynamic. A closed-loop fuzzy-logic
current controller with the magnitude of the speed harmonic
feedback is proposed in [16], accurate motor parameters and
nonlinearity of the drive are avoided. The torque observer
and iterative learning controller are designed for the reduced
DC-link capacitor motor drive, the speed ripple related to
load torque and DC-link voltage fluctuation are observed
and compensated by closed-loop structure [17]. Based on
the result-to-reason prospect, the torque disturbance can be
extracted from the speed ripple with the corresponding com-
ponent, which is independent of the motor electrical model.
The ILC method is generally used to track the repetitive or
periodic system with a fixed period by iterating the previous
signal, which is in parallel with the proportional-integral (PI)
speed controller to generate the current reference [18], [19].
However, the fundamental is the main component of the
load torque for single rolling rotor compressor, which can
be obtained first to enhance the iteration effect. On account
of the load torque characteristic considering the operating
frequency and temperature variation, the error accumulation
of the iteration process should be addressed, which easily
induces the offset and output saturation.

To solve the problem, an improved ILC based on zero-pole
cancellation (ZPC) method is proposed, the essence of the
speed ripple has been investigated through the compressor
motion model. Then, the poles’ matching function is pro-
posed to weaken the dominant poles effect of the torque term
and suppress the specific order harmonic. Also, the error
correction law aims to be derived to remove the influence of
the non-periodic signal. Compared with the previous studies,
the contributions in this paper can be summarized as follows:

(1) The compressor motion model is presented free of
PMSM parameters, based on which, the essence of the speed
ripple is investigated that the mismatch between the zeros
of conventional ILC and the conjugate poles of the load
torque.

(2) The poles’ matching function is analytically derived to
reduce the dominant poles effect of the torque term, which
effectively suppress the specific order harmonic according to
the sample data by the pre-designed experiments.
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(3) To deal with the non-periodic disturbance caused by
the operating frequency and temperature variation for the
compressor system, the error correction law is proposed to
enhance the performance of the conventional ILC.

This paper is organized as follows. In Section II, the
PMSM based compressor drive is analyzed from aspects of
sensorless control strategy and load torque characteristics
in detail. The problems of the conventional ILC are intro-
duced in Section III and an improved ILC based on zero-pole
cancellation method is addressed. The experimental results
are presented in Section IV to validate the effectiveness of
the proposed method and the conclusion is summarized in
Section V.

Il. ANALYSIS OF PMSM BASED COMPRESSOR DRIVE

A. SENSORLESS STRATEGY WITH LINEAR STATE
OBSERVER

The single-phase input PMSM compressor drive used in
air-conditioner system is shown in FIGURE. 2, where the
DC-link voltage is obtained from the grid through an uncon-
trolled diode rectifier. The PMSM compressor is driven by a
three-phase inverter with the intelligent power module, where
the compressor is sealed in the cylinder full of refrigerant
and is difficult to install the position sensors. In addition, the
compressor drives of which are low cost systems in household
appliances and the sensorless control strategy is applied to
ensure the electrical angle acquisition [4], [20], [21].

DC-link I PMSM
nverter

Rectifier M
capacitor Compressor

crankshaft

Load torque pulsation

FIGURE 2. Single phase input IPMSM compressor drive.

The speed ripple is an inevitable problem due to load torque
pulsation when the compressor operating in low frequency
range. In order to improve the performance of the compres-
sor drive, an effective speed ripple suppression strategy is
carried out, which depends on the accurate position estima-
tion approach. The field-oriented control with a linear state
observer used to obtain the compressor speed and position
is implemented, which ensures the position error converge to
Zero.

Different frames are shown in FIGURE 3 to illustrate
the relationship between the estimated and real component
(i.e., the relationship of motor d-q frame and estimated syn-
chronous y-§ frame), where the a-f frame is fixed on the
stator winding while the d-q and y-§ frame is rotating with
the permanent magnet.
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FIGURE 3. Relationship between different reference frames.

The voltage equation in d-g frame with the electrical angu-
lar velocity w, is given as follows

. dig .
ug = Rsig + LdE — weLyig
(D

di
%z&@+%ﬁ+%um+%w

where ug4, ug, iq, iy, Lq, Ly are the d-axis and g-axis voltage,
current and inductance, respectively. Ry and v is the winding
resistance and permanent flux linkage.

In order to obtain the rotor position, the mathematical
model is established in estimated synchronous y -§ frame with
the angular velocity @,. As is illustrated in FIGURE 3, the y-
§ frame lags the d-q frame of the estimated error 6,,,. Then
the voltage equation in (1) can be transformed into estimated
synchronous y-§ frame as follows

. di, . .
uy, = Rsiy + Ld? — weLyis + ey
dis 2)
us = Ryis + qu + &cLgiq + e5

where the variables are denoted with the subscript -6, e,, and
es represent the motor back electromotive force (EMF) due to
the position error, which can be presented as

ey = —w Y Sin Oy
e5 = wery COS Oy

3)

Both ¢, and es contains the information of estimated error,
it can be seen in (3) that the back EMF terms are neither
outputs nor inputs of the system. Therefore, a linear state
space model is applied assuming that the motor speed and
position remain constant during the control period. The state
variables e, and es meet the following requirement as

&y =0
{%:0 4)

Combing (2) and (4), the estimation model in the y -6 frame
can be presented as follows

[)’(:AX—i—Bu )

y=0Cx
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where i = [i,, is, ey, es]7, u = [u,, us]",y = [iy, i5]7, the
coefficient matrixes are given in detail in Appendix.

A linear observer with the current feedback is established
as follows

X =A% +Bu+M(y - C%) (6)

where M is the feedback gain matrix and the superscript hat
denotes estimated variables.
Then, the state error equation can be derived as

X = AX — MCX = (A — MC) X @)

The convergence and dynamic response of the observer
depend on the characteristics of the matrix (A-MC), to main-
tain the system stability and fast convergence of the state
error, the poles placement method is applied to determine
the elements of feedback gain matrix. Then, the Laplace
transformation is implemented on (7) as follows

X(s) = (sI— A +MC)'x(0) (8)

Since the state variables in (5) are consistent on the time
dimension, all the four poles can be selected on the negative
real axis to improve the dynamic response and simplify the
calculation process, which can be defined as the bandwidth
of the observer and the constraint can be given as

det (sI — A + MC) = (s + wp)* 9)

Then the feedback gain matrix M can be calculated as
follows

R T
2wp — L—s —d)e—d a)iLd 0
M = d q (10)
~ L Ry 2
We— 2p — — 0 wply
Ly L,

The back EMF e,, and e; is obtained with the observer (6),
and hence the position error can be derived with the terms as
follows

e e
Oppr = —actan L = —L (11)

es es
To avoid the inverse trigonometric function calculation in
the controller and achieve the precise tracking performance,
the phase lock loop (PLL) structure is applied to reduce the

estimated error between the -8 and d-q frame in FIGURE 4.

PI —

FIGURE 4. Control block of PLL based rotor position estimation.

The PI unit is used to regulate 6., and the output is the
estimated angular velocity o,. Then, the rotor position can be
achieved through the integration of &,. In summary, the whole
control scheme of the linear state space observer is presented
in FIGURE 5.
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FIGURE 5. The whole control scheme of the linear state space observer
for position estimation.

B. LOAD TORQUE ANALYSIS BASED ON SPEED RIPPLE
Due to the special crankshaft design for the single rolling
rotor compressor, both the suction compression and exhaust
process appear within a given cycle as shown in FIGURE 6,
which results in the variation of pressure and volume for
the refrigerant, and hence the amplitude of the torque ripple
varies with the rotor mechanical position and depends on the
temperature condition and refrigerant pressure.

Outlet ! Inlet Outlet ! Inlet
v N,

rolling shaft rolling shaft

£y
N\

1 1
Compress Exhaust

FIGURE 6. Process of compress and exhaust during a mechanical cycle.

According to the sample data by the pre-designed experi-
ments, FIGURE 7 shows the load torque characteristics under
different cases, it can be seen that the periodic pulsations
exist in each mechanical period from 0O to 360 degree, and
the maximum fluctuations for each case is different. The
load torque seriously fluctuates due to the pressure difference
between the inlet and outlet especially when the compres-
sor operating under low frequency range (compressor speed
between 600~1500rpm).

The load torque characteristics shown in FIGURE 7 are
irregular within the period, however, which can be considered
as the superposition of sine waves with Fourier series as

o
To(t) = Tro+ ) Tuxsin(kout + @) (12)
k=1

where Ty is the load torque, T is the dc component,
Trr and ¢ is the amplitude and phase of the harmonic
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Case 1

Load torque (Nm)

0 60 120 180 240 300 360
Mechanical position (degree)

FIGURE 7. Characteristics of load torque under different cases.

component. The k™ harmonic component is multi-times of
the compressor mechanical frequency w,,. To further analyze
the characteristics of load torque in FIGURE 8, the FFT
result of case 2 is presented when the compressor operating
with frequency of 20 Hz, it can be seen that both the dc and
fundamental components are the main terms for the periodic
load torque, while the other terms in (12) are relatively small.

,,=20Hz

0 m m - -
0 20 40 60 80 100 120
Frequency (Hz)

FIGURE 8. FFT result of the load torque component of om = 20Hz.

Applying the Laplace transformation on (12) and the load
torque 77, (s) can be obtained as

+00
Te(s) = Teo+ ) Tux(s) (13)
k=1

where the harmonic component can be calculated as

)
Tri(s)= / Ty (sin (kwpt) cos g +cos (kwpyt) sin g )e > dt
0—
s sin g + kwy, cos gk
s2 + (kwp)?
The equation of the compressor dynamics can be described
as

(14)

= 1Lk

d
Jm% =T, — T — Bpom (15)

where J,,;, T, and B,, are the mechanical inertia, compressor
electromagnetic torque and frictional coefficient, respec-
tively. Combing (13), (14) and (15), the constant and ripple
components of the motor speed can be derived as (16). The
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frictional torque term can be ignored when the compressor
operating within low frequency range.

Wi (8) = Wmo(S) + Wk (s)

V| Te—=Tro  Trx ssingg + ko cos gk
I s s 52 + (kawy)?

constant ripple

(16)

It can be seen in (16) that the harmonic components of
speed ripple are the same order with that of load torque,
which indicates the load torque ripple can be clearly reflected
in the motor speed ripple through the mechanical model.
According to (16), the speed ripple is more susceptible under
lower frequency. Therefore, the research mainly focuses on
the fundamental component of the speed ripple, which has
been analyzed in FIGURE 8.

Ill. PROPOSED METHODS

A. PRINCIPLE OF SPEED RIPPLE SUPPRESSION

The control block diagram of the speed ripple suppression
for the compressor is shown in FIGURE 9, where the feed-
forward controller paralleled with the speed controller is
employed to generate the compensation current. It can be
concluded that the g-axis reference current can be divided
into two parts, one is the output of the speed controller to
track the dc component, while the other iy mainly contains
the ac component for ripple suppression.

T

o e speed gs iy current 3 mechanical |,
controller . controller model
lge T,
feedforward

controller

FIGURE 9. The control block diagram of the speed ripple suppression.

FIGURE 10. Simplified control loop based on the mechanical model.

To derive the transfer function of w,,(s) in the frequency
domain, the control loop based on the mechanical model can
be simplified in FIGURE 10, where G(s) represents the speed
controller and K; can be regarded as the equivalent torque
coefficient of the current controller in the low frequency
range. Gy,(s) is the mechanical model and can be presented
as

1

Om(s) = Jns + B (a7
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According to FIGURE 10, the transfer function of w,,(s)
considering the disturbance of the load torque can be pre-
sented as

m(s) = R(s)wy,(s) + D()TL(5) (18)
—_— —
Wy () Dmd(s)

where R(s) and D(s) are the reference tracking and distur-
bance transfer function, respectively. The disturbance term
caused by the load torque can be derived as
—Gpu(s)
1 4+ K:Gp(s) (G(s) + F(s))

wmd(s) = D($)TL(s) = TL(s)

19)

For the general control system ignoring the disturbance
rejection (i.e., F'(s)=0), the amplitude of the disturbance term
can be derived as

l0ma ()| F(jwy=0 = 1DG@)TL(jw)]
T, (o)l

= (20)
[Jm@ + Bl + K;

K,
Kp+ 58

where K, and Kj; are the proportional and integral gain of
the speed controller. It can be seen in (20) that the value
of |wmq(jw)| mainly depends on the mechanical inertia and
PI unit gains. However, the PI unit is applied for regulating
the error for higher tracking performance, which is limited
to the maximum mechanical acceleration of the compressor
structure. Therefore, the extra unit should be added to deal
with the speed ripple caused by the disturbance, especially the
typical periodic load torque characteristic of the compressor,
which can be analyzed in detail according to different types
of F(s).

B. PD-TYPE ITERATIVE LEARNING CONTROLLER BASED
METHOD

The proportional-differential (PD) type iterative learning con-
trol (ILC) method is common for speed ripple suppression
and the specific structure is shown in FIGURE 11, which
consists of PD part and iteration part.

eil(f) speed

controller

feedforward controller
(PD-ILC)

FIGURE 11. The specific structure of ILC controller.

The output is feedforward on the speed controller to gen-
erate the g-axis reference current and can be expressed as

ige(t) = gee—1) (1) + Kepe(t) + Keale(t) — e—1(1)]  (21)
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where K, and K4 are the gain of the proportional and
differential unit. The PD type ILC method in FIGURE 11 can
be derived with the backward Euler method as follows

ch + KeasTs
sTs
Combing (19), (21) and (22), the load torque disturbance
transfer function can be rewritten as
—sT;
$2InTs + sK; To(Ksp + Kea) + Ki(KiTs + Kep)
(23)

F($)pp-iLc = (22)

D(s) =

It can be seen in (23) that the zero s = 0 is included in D(s)
when the conventional ILC is applied. In order to investigate
the principle of the speed ripple suppression, both the poles
and zeros of Ty (s) and D(s) are illustrated in FIGURE 12.
It can be seen in FIGURE 12(a) that a pair of poles are
included in T (s) while the zero of D(s) is fixed at s = 0,
which is consistent with (14) and (23), respectively. There-
fore, the effect of the poles of 77 (s) can be hardly eliminated
and the performance of speed ripple suppression is poor.
Inspired by this, an extra pair of zeros can be induced by the
designed F(s) as shown in FIGURE 10(b). The poles effect
of Ty (s) can be weakened as the zeros gradually move closely
according to the zero-pole cancellation principle. Therefore,
the speed ripple can be effectively suppressed with the rea-
sonable zero configuration with a certain bandwidth.

50, 50]
E o D(s) % [ Ti(s) E

-100 -50

:
;
/
i
.
D) {1 LIe)
|
!
|

50

0 50 100 -100 -50 0
Re Re
() (b)

FIGURE 12. The poles and zeros of the disturbance term. (a) Without the
feedforward controller. (b) With the conventional ILC controller.

In addition, considering the mechanical structure and tem-
perature variation for the compressor system, the feedforward
current error will be accumulated due to the iteration process,
which will further limit the performance of conventional ILC
method or causes the saturation of the controller.

C. PROPOSED SPEED RIPPLE SUPPRESSION METHOD
BASED ON ZERO-POLE CANCELLATION

On account of the poor effect of conventional ILC method
and the concern of error accumulation, an improved iterative
learning controller based on zero-pole cancellation (ZPC)
method is addressed in this section, which can be divided
into two parts, one is the poles matching function to suppress
the specific frequency terms and the other is the error cor-
rection law to avoid the accumulation of feedforward current
error. The detailed control block diagram is presented in
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igs () o i (D)
ige(1)

poles matching error correction
function law

e(?) speed
controller

A0 ]

PD-ILC |l O M@ hap 0] &
(1) (25 3 &
feedforward controller (1)
ZPC-ILC

FIGURE 13. Control block diagram of the proposed speed ripple
suppression method.

FIGURE 13, from which it can be seen that the output of
the ILC is filtered by the poles matching function, and then
the error correction law is applied to remove the non-periodic
disturbance to prevent the controller saturation.

Compared with the conventional ILC method in (21),
the g-axis current reference of the proposed method can be
expressed as

iﬁlc(f) = ige(h—1)(1) + Kepe(t) + Kegle(t) — ex—1(2)]
in(t) = M™%, )il (1)

A) = / (150 = in()) = 20 )dr = o)
iqc(t) = A1) + in(2)

The poles’ matching function is mainly applied to extract
the fundamental component of the feedforward current and
decline the effect of disturbance term from zero-pole cancel-
lation principle, which is cascade with the ILC as shown in
FIGURE 13. According to (14), two poles s = =*jw,, are
included in the fundamental term of the load torque, so that
the poles matching function can be designed as

(24)

1—z7!

M@, o) = 1

(25)

1 —aiz7! —apz7?
where o1 and a» are the coefficients and will be discussed
in the following section. According to (24), the feedforward
controller can be derived as follow (26) while ignoring the

error correction law.
Kep + KeasTy
—apT252 + Qay + a)Tes+ 1 — a1 —

Combing (19), (24) and (26), the load torque disturbance
transfer function can be rewritten as where Dy and D, are the
coefficients, which are formulated in Appendix. According
to (27), as shown at the bottom of the next page, a pair of
conjugate zeros are included in D(s) comparing with that
in (23), and the effect of zero-pole cancellation are illustrated
in FIGURE 14.

When the poles’ matching function is embedded, it can
be observed that a pair of conjugate zeros provided by the
disturbance transfer function gradually move to the poles of
load torque term 77 (s). Therefore, the speed ripple can be
suppressed due to the reduced effect for the poles of 77 (s).

F(s) = (26)

VOLUME 12, 2024

ey &
50 -

Ti(s

Eo O
5 ,‘/ >
TOx

-100 -50 0 50 100

Re

FIGURE 14. The poles and zeros of the disturbance term with the
proposed method.

Considering the numerator of (27) with the zero s = 0, the
remaining part can be considered as a typical 2 order system
with the damping frequency w;, which ensures the certain
bandwidth even if the poles’ movement. The model can be
presented as follows
N(s) = —ozszzs2 + Ray+a)Tgs+1—a; —ap

= s + 2wy Tys + a)t2 (28)
where w; is the natural frequency. Then the coefficients o
and a» can be determined as

2 (waT7 +1)

(204 + c_o%l) T2 +1 (29)

w4+ @f) T2+ 1

o] =

o) =

FIGURE 15 shows the relationship of o and o> between
w; and wy, respectively. It can be seen that o) increases
as w; getting higher, meanwhile, the damping frequency wq
provides a relatively wide bandwidth under the circumstance
that o1 and ap almost remain constants.

To deal with the error accumulation of the iteration process
caused by the compressor mechanical structure or the temper-
ature variation, the error correction law is proposed. Based on
the compressor dynamics equation in (15), the error of ILC
can be presented as

Te (1) = T (t) — Jmaom (1)

() = e (30)
t

According to FIGURE 13, the error accumulation can be
presented as

() = lge (8) — im (1) (31)
Combing (28) and (29), the error of ILC can be rewritten
as
. T (t
() =50 = i () = A () — %() (32)

t
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-0.9

-0.92

-0.94

(45}
-0.96

-0.98
20

3500

3000

%) 2000 4is)
01500 0 (rd

(b)

FIGURE 15. The coefficient variation with respect to o; and wg.

The error correction law can be obtained by integrat-
ing (30) as follows

Im
() = / (0 = i) =2 )i - FROCINED

According to (33), the numerical simulation results are
shown in FIGURE 16 while the fluctuated load torque is
implemented. It can be seen in FIGURE 16(a) that the error
of ILC always exists and the error accumulation gradually
increases from 0.58s during the compressor operating pro-
cess, which is shown in FIGURE 16(b). The feedforward cur-
rents with and without the error correction law are both shown
in FIGURE 15(c), the offset has been eliminated in i,.(t)
when comparing with the generation of the conventional ILC
method. The feedforward controller mainly deals with the
fundamental component of speed ripple and the non-periodic
component can be regulated by the speed controller.

IV. EXPERIMENTAL VERIFICATION

A. PREPARATION FOR THE EXPERIMENT

To verify the effectiveness of the proposed method, the
experiments are performed on an air-conditioner system
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Time(s)
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FIGURE 16. The numerical simulation results of the error correction law.

- | Oscilloscope

Host computer

N :
Compressor
drive

FIGURE 17. The platform of the PMSM based compressor system.

of 1 horsepower, and the platform is shown in FIGURE 17.
The compressor is the core of the air- conditioner system,
which is sealed in the cylinder filled with refrigerant. The
compressor drive board is designed with a commercial power
device IKCM30F60GA type intelligent power module (IPM),
and is supplied by the auxiliary power. The waveforms of
motor speed and current are acquired by the oscilloscope.
The sampling frequency used in the experiment is 10kHz
and matches with the switching frequency. The parameters
of the PMSM-compressor are listed in Table 1. The initial

—s (—otszzs2 + Ry +a)Tgs+ 1 —ay — az)

D(s) =

55594

ImoaT2s* + (KiKgpaa T — Ji oz + ay) Ty) 83 + Das? + Dys — K Kgi(1 — ap — )

27)

VOLUME 12, 2024



Y. Wang et al.: ZPC Based ILC Method for Speed Ripple Suppression of Single Rolling Rotor Compressor

IEEE Access

TABLE 1. Parameters of the Prototype.

Notation Description Value Units
P rated power 750 w
Ly d-axis inductance 3.45 mH
L, g-axis inductance 6.02 mH
R, resistance 0.55 Q
wr flux of rotor 0.093 Wb
P, poles pairs 4
o inertia 0.0013 kg-m?

. i 1 o~ Enable ZPC-ILC
| il .
l’ M ll l : S
i i 230rpm
250rpm 520rpm { w, (185rpm/div) ¢
L i
L(OA/Miv)
l T | | I
o :
i, (2.35A/div) 1}

Time(2s/div)

FIGURE 18. Experimental results for the proposed method at 600rpm.

parameters of the feedforward controller are chosen as
a1=1.85, ap=-0.95.

B. EXPERIMENTAL RESULTS

FIGURE 18 presents the experimental results applying the
proposed method when the compressor is operating at
600rpm (i.e., the mechanical frequency 10Hz). The wave-
forms in FIGURE 18 are the motor speed, phase current and
g-axis reference current respectively. It can be seen that the
speed ripple is serious under the low frequency operation,
which reaches to 520rpm without any suppression method.

The enlarged waveforms before and after enabling the
proposed method are presented in FIGURE 19. The speed
ripple is 230rpm in can be FIGURE 19(a), which decreases
by nearly 50% and the noise during the compressor operation
can be simultaneously reduced. However, FIGURE 19(b)
shows that the extra frequency components except for the fun-
damental one will be induced in the g-axis reference current
by the feedforward term i ., which also reflects in the phase
current i,, and this phenomenon is obvious as the compressor
operating frequency getting higher.

The fast Fourier transform (FFT) results of the speed
ripple are shown in FIGURE 20, where the fundamental
one is the main component and the amplitude reaches to
235rpm without any suppression method. It can be seen
from FIGURE 20(b) that both the 1% and 2™ components of
speed ripple are effectively reduced as the proposed method

VOLUME 12, 2024
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2% a2 2%

" (2:35A/div)
Time(0.2s/div)
(2)

w,, (185rpm/div)

A A

i(5A/div)
Time(0.2s/div)

(®)

FIGURE 19. Comparison before and after enabling the proposed method
in detail. (a) Zoom area without the suppression method. (b) With the
proposed method.
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FIGURE 20. FFT results of the speed ripple before and after enabling the
proposed method. (a) Without the suppression method. (b) With the
proposed method.

is employed, which decreases by 63% comparing with that
in FIGURE 20(a).
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TABLE 2. FFT results of speed ripple under different conditions.

Speed ripple at 600rpm (10Hz) | Speed ripple at 900rpm (15Hz) | Speed ripple at 1200rp (20Hz)
10Hz 20Hz 30Hz 15Hz 30Hz 45Hz 20Hz 40Hz 60Hz
Without suppression (rpm) 235 30 10 200 23 10 180 15 10
Conventional ILC method (rpm) 165 25 10 152 15 10 130 15 10
Proposed method (rpm) 70 10 5 62.5 10 5 85 10 10
! _Enable PD-ILC @ (220rpm
J250rpm 520rpm { o) (18Srpmy/div) 0P ITstarting o
< i : :
o 4 T
i GAdv) - il ] _ “'l"h'ﬂlu‘“"\l \‘ﬂ'\k‘.
1 T5AMR) N jill .;“‘Jﬁ" il
: LT e A8A A SALL
| ;Wﬂlﬂ%m'ﬂnl‘uMNW A
- _ - ] ALt '
i, (2.35A/div) :

Time(2s/div)
(a)

250min p.m/div). .

A e
i (5A/div)

NV VN

o i, (2.35A7divy .

Time(0.2s/div)
(b)

: (70rpm/div) :

J‘/ﬁonz, 25rpm
Frequecency(15.6Hz/div)
(©)
FIGURE 21. Experimental results for the conventional ILC method at

600rpm. (a) Comparison before and after enabling the method. (b) Zoom
area with the ILC method. (c) FFT results of the speed ripple.

i

The experimental results compared with the conventional
ILC method are shown in FIGURE 21 as the compres-
sor operating at 600rpm. It can be seen in FIGURE 21(b)
that the speed ripple only reduces to 350rpm, which is

55596
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FIGURE 22. Waveforms of the motor speed and phase current during the
starting up and accelerating process. (a) With the conventional ILC
method. (b) With the proposed method.

nearly 1.5 times of that for the proposed method. From the
FFT results shown in FIGURE 21(c), the amplitude of 1
and 2™ components are 165rpm and 25rpm, respectively,
which indicates less effective for either the fundamental or
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FIGURE 23. FFT result of speed ripple under different cases. (a) Without
any suppression method. (b) With the conventional ILC method. (c) With
the proposed method.

other components of the speed ripple within low frequency
range.

Meanwhile, a more detailed explanation and comparison
has been given for the conventional and proposed methods.
To evaluate the dynamic performance of the two methods,
FIGURE 22 shows the waveforms of the motor speed and
phase current during the starting up and accelerating pro-
cess (from 10Hz/600rpm to 20Hz/1200rpm). The I-f starting

VOLUME 12, 2024

method is utilized for fast and reliable starting up due to
the relatively light initial load for the compressor. The start-
ing time is 5.2s with the ramp command, and then the
compressor is operating under the sensorless control with
the speed ripple suppression strategy. The enable time for
the two algorithms are 0.2s and 0.24s respectively, which
are labeled and zoomed in FUGURE 22. The enable time
increases a little since the error correction law is included in
the proposed method. The overshoot of speed waveform is
also obvious at the enablement transient for the conventional
ILC method.

It can be observed from FIGURE 22(a) that the speed
ripples are 282rpm and 234rpm at 15Hz and 20Hz, respec-
tively. However, the speed ripple reduces 34% and 21%
while applying the proposed method, which are 182rpm
and 187rpm at 15Hz and 20Hz shown in FIGURE 22(b).
The suppression capability under the accelerating condi-
tion can be well maintained. In addition, the phase currents
for both methods are presented in FIGURE 20. With the
proposed method, the peak-peak value of iy, reaches to
16.3A at 20Hz while it is 12.7A for the conventional ILC
method, which means the satisfactory performance can be
obtained at the cost of more current fluctuation is injec-
tion, and it should be noted that the peak-peak value is
limited by the motor maximum current. The FFT results
of the speed ripple under different cases are summarized
in TABLE 2.

To further compare the performance of speed ripple sup-
pression under different speed cases, the FFT analysis of the
speed ripple under different compressor speed cases are given
in FIGURE 23. As it can be seen in FIGURE 23(a) that the
amplitude fluctuation of fundamental component is 235rpm
under the speed of 600rpm, which also reveals that the speed
ripple is a significant issue for lower frequency operation.
As the conventional ILC method is applied, the amplitude of
the fundamental component reduces to 165rpm as shown in
FIGURE 23(b), which continuously decreases to 70rpm after
applying the proposed method as shown in FIGURE 23(c).
As the compressor speed getting higher (i.e., at 1200rpm),
it can be seen in FIGURE 23(a) and (b) that the effects for
speed ripple suppression are limited with the conventional
ILC method, however, the speed ripple can be suppressed to
85rpm at 1200rpm while using the proposed method, which
shows the significant advantage for the innovative approach.
It can be concluded that the effect will be gradually weaken
as the compressor operating in medium frequency, and the
acceptable fluctuation mainly depends on the types of the
single rolling rotor compressor.

V. CONCLUSION

This paper proposes a speed ripple suppression method
through the zero-pole cancellation (ZPC) based iterative
learning control (ILC) for the compressor drive system.
A linear state observer in synchronous frame is applied to
obtain the rotor position for sensorless control. In the pro-
posed method, the torque ripple of the compressor is first
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mathematically formulated in the frequency domain. Then,
the speed ripples including each harmonic component are
derived according to the compressor mechanical model.
The poor performance of the conventional proportional-
differential (PD) ILC is investigated from the aspect of
poles effect of torque term. Inspired from this aspect,
the poles’ matching function is employed to extract
the fundamental component from the torque term and
decline the effect of disturbance term from zero-pole can-
cellation principle. Furthermore, the non-periodic distur-
bance caused by the operating frequency and temperature
variation can be avoided by implementing the error cor-
rection law. Experimental results demonstrate the effective-
ness of the proposed method in reducing speed ripples of
the compressor drive without utilizing of motor electrical
parameters.

It should be also pointed out that this paper focuses on
the fundamental component suppression of the speed ripple,
and then the bandwidth limitation of the current controller
can be ignored. Therefore, the future work can focus on the
high bandwidth current controller to extend speed harmonic
compensation range. In the meanwhile, the performance
of the proposed method can be improved by cooperating
with the disturbance observer to deal with non-periodic
disturbance.

APPENDIX
The coefficient matrix in (5) are presented as follows
- R L 1 .
s De—L  — 0
Ly Ly Ly
N Ld Rs 0 1
A= We L, L, L, (A1)
0 0 0 0
L O 0 0 0 |
1
— 0
Ly
1
= 0 _
B L (A2)
0 0
| O 0
(1 0 0 O
C= |0 1 0 0] (A3)

The coefficient D1 and D; in (27) are presented as follows

Dy = KoK, (a1 + o2 — 1) — KK, T (o) + 202)  (Ad)
Dy = Jy (a1 + a2 — 1) + K T
x (a2KiTs — 200K, — 1 Kgp — 1) (AS)
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