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Abstract—In permanent magnet synchronous motor (PMSM)
drive systems, nonideal factors induce periodic speed ripples. Con-
ventional harmonic injection-based speed ripple reduction meth-
ods exhibit significant sensitivity to speed-loop bandwidth limita-
tions and speed sensor sampling delays. According to the phase
delay modeling in velocimetry and the equivalent cutoff frequency
of the drive system, theoretical boundaries for the unstable oper-
ating region of harmonic injection—based methods are established.
In this article, a novel speed ripple reduction method based on
adaptive harmonic tracking is proposed for PMSM drives. The
proposed method utilizes the saturation characteristics of spectral
analysis theory under unstable states to adaptively correct the in-
jected harmonic modes. The injected compensation current realizes
adaptive tracking of speed ripple even in the presence of unmodeled
disturbances. The effectiveness of the proposed method is verified
by experiments on a 2.2-kW PMSM drive platform.

Index Terms—Adaptive phase correction, closed-loop Fourier
transform (CFT), permanent magnet synchronous motor (PMSM),
speed ripple reduction.

I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSM) are

widely adopted in fields such as household appliances,
industrial, aerospace, and others due to the advantages of high
power density, high reliability, and fast dynamic response [1],
[2], [3], [4], [5]. In applications where the smoothness of the
motor is highly required, e.g., robot arms, electric vehicles, and
lift traction machines, the speed ripple will affect the stability
and safety of the system [6], [7], [8]. Therefore, the speed ripple
reduction algorithm for PMSM drives with a simple structure,
high reliability, and good general performance has been a hot
research topic for scholars in recent years [9], [10], [11].
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Inverter nonlinearity, current harmonics, phase unbalance,
back electromotive force harmonics, and load torque pulsations
are the main causes of torque pulsation, which is a rich source
of noise in the motor control system [12]. The design of speed
ripple reduction algorithms often needs to consider a variety
of noise sources, which places a high demand on the overall
performance [13]. At present, the researches in the direction of
speed ripple reduction mainly focus on the optimization design
of the motor and the design of the control algorithm.

The motor design scheme primarily focuses on suppressing
cogging torque and magnetic flux harmonics through optimiza-
tion of the skewed slots, shifted teeth, pole arc coefficient design,
and the use of auxiliary slots or teeth [14], [15], [16]. In [15], an
air-gap optimization method based on grid search was proposed,
which reduces the radial force acting on the stator teeth and the
equivalent stress in the structure. By analyzing the intrinsic re-
lationship between cogging torque and speed ripple, an adaptive
step finite element analysis method was employed to optimize
the rotor surface shape [16].

The control algorithms of speed ripple reduction can be
mainly divided into two categories: the observer-based methods
[17], [18], [19], [20], [31], [32], [33], [34] and the harmonic
injection-based methods [21], [22], [23], [24], [25]. The har-
monic observers are constructed based on the motor’s mathe-
matical model. By analyzing the effect of cogging torque on
speed ripple, a virtual cogging torque observer was designed to
achieve smooth speed control by online moving compensation of
the stable point [17]. In [19], a phase lag compensation function
was introduced into the repetitive controller, which effectively
suppresses speed harmonics caused by dead-time settings. The
above methods focus on velocity variations caused by a single
disturbance. To further increase the versatility of the algorithm,
some researchers have incorporated repetitive control into active
disturbance rejection control algorithms [20], which allows the
simultaneous suppression of harmonic disturbances introduced
by different sources of interference.

The harmonic injection-based speed ripple reduction method,
utilizing spectral analysis theory, relies less on the motor model
and can reduce speed ripple without distinguishing harmonic
sources. The forms of injected signals are mainly current injec-
tion and voltage injection. In [21], the compensated harmonic
currents were injected into the g-axis currents based on motor
modeling to achieve the suppression of torque pulsation caused
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by current harmonics. The relationship between the current and
the voltage harmonic injection was derived in [22]. Based on
this, a hybrid injection method was proposed to avoid the oscil-
lation problem caused by unstable. To improve the generalized
performance of the harmonic injection method, a harmonic
injection-based speed ripple reduction method with adaptive
compensation for phase and amplitude based on the equivalent
phase delay of the control system was developed [25]. Compared
to the proportional resonant controller, this method shows better
phase tracking stability.

It should be noted that the speed ripple consists of two compo-
nents: the ripple amplitude and the ripple phase. Most existing
research primarily focuses on the former. These approaches
typically extract the fluctuating components from the speed
signal to compute compensation values. Therefore, the accuracy
and real-time performance of the encoder used for velocimetry
determine the control performance [26]. With the incremental
encoder, methods such as M method, T method, and M/T method
are commonly used for PMSM drive systems. These three ve-
locity measurement methods follow the idea of sliding average
filtering [27]. As the measurement time or distance increases, the
velocimetry accuracy improves. However, this also increases
the measurement phase delay for the speed ripple. To improve
the disturbance rejection of the speed controller, a low-pass filter
with a lower cutoff frequency is cascaded to filter the speed
feedback signal, thereby eliminating the sinusoidal ripple com-
ponents in the speed [28]. In summary, the current researches
mainly focus on the accuracy analysis of velocimetry algorithms,
with limited studies on the phase lag problem introduced by these
algorithms.

This article proposes a speed ripple reduction method based
on adaptive harmonic tracking, aiming to enhance disturbance
rejection ability against fluctuating load torque in PMSM drives.
The theoretical boundaries for the unstable region of harmonic
injection-based speed ripple reduction methods are established
through coupled dynamics analysis between the phase delay
modeling in velocimetry and the equivalent cutoff frequency
of the drive system. The proposed method utilizes the saturation
characteristics of spectral analysis theory under unstable states
to adaptively correct the injected harmonic modes. By adaptively
correcting the system phase-frequency characteristics, unsta-
ble issues caused by the cutoff frequency are avoided. Also,
the injected compensation current realizes adaptive tracking of
speed ripple even in the presence of unmodeled disturbances.
The effectiveness of the proposed method is verified by experi-
ments on a 2.2-kW PMSM platform. The compensated system
demonstrates enhanced stability margins in the full speed range.

II. ANALYSIS OF THE IMPACT OF VELOCIMETRY DELAY ON
SYSTEM STABILITY

A. Modeling of Phase Delay Introduced By Velocimetry

In PMSM drives, typical methods of motor velocimetry based
on incremental encoder are the M method, the T method, and
a combination of both, referred to as the M/T method. When
periodic speed ripples are present in the motor system, the
speed ripple reduction method needs to extract the fluctuation
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Fig. 1.  Schematic diagram of phase delay introduced by velocimetry.

information from the rotor speed obtained by the velocity al-
gorithm. However, the velocity algorithm based on the moving
average theory will introduce a phase delay in the measurement
of fluctuating signals, which affects the control performance of
the speed ripple reduction method. This problem will exacerbate
as the frequency of speed ripple increases.

Taking the M method as an example for modeling analysis,
the rotor speed is calculated by counting the number of encoder
output pulses m within a certain time interval .. If the motor
encoder generates z pulses per revolution, the measured speed
neM can be expressed as

nem = 60 m/zt.. (1)

To improve observation accuracy, z. cannot be smaller, as this
introduces a phase lag Ay in the speed calculation, particularly
in the presence of speed ripple, as shown in Fig. 1.

According to the Fourier expansion theory, any periodic ripple
can be expanded into a sum of sine and cosine functions. Let the
speed ripple be nyea = Apsin(27f,t), where A,, and f,, are
the amplitude and the frequency of the actual speed ripple,
respectively. The measured speed ripple nen calculated at n
moments is

tn
NeM = / A, sin(2w f,,t)dt

tn-1

=L ssin(mfute) - sin [wfn(tno1 +t0)] - (2)

It can be seen from (2) that a smaller sampling period brings
the measured speed closer to the actual value. However, reducing
the sampling period also reduces velocimetry accuracy. By
comparing the phase relationship between the actual speed ripple
and the speed ripple obtained from velocimetry, Ay introduced
by velocimetry can be calculated as

ASO = 27Tfntn - ﬂ_fn(tnfl + tn) = ’/Tfnto (3)

According to [29], the transfer function of phase delay Gon (s)
introduced by velocimetry can be expressed as

1— —5-tc 2
Gem (5) = (;) . )

According to (4), set the sampling time 7. to 2 ms and plot the
Bode diagram of the phase delay introduced by velocimetry, as
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Fig. 2. Bode diagram of phase delay introduced by velocimetry.

Fig. 3.

Schematic diagram of phase delay introduced by velocimetry.

shown in Fig. 2. As shown in Fig. 2, the phase lag increases pro-
gressively with motor speed, whereas the amplitude attenuation
remains largely unchanged.

B. Stability Analysis of Harmonic Injection-Based Method

Due to factors such as the dead-time setting and fluctuating
load torque disturbances, speed ripples are commonly observed
in motor control systems. The speed controllers are typically
unable to suppress these harmonics due to the limited bandwidth.
And owing to the velocimetry delays, there is a phase lag
between the actual speed ripple and the extracted signal used
for the harmonic injection-based speed ripple reduction method.
Excessive phase delay can lead to unstable of the control system.

Taking the closed-loop Fourier transform (CFT)-based speed
ripple reduction method as an example, the block diagram of
the transfer function of the speed closed-loop control system is
shown in Fig. 3.

In Fig. 3, wy, and w+ m are the actual and the given speed,
respectively. i, and ix q are the actual and the given g-axis
current, respectively. Gos(s) = 1/(Tos5+1) is the transfer function
of the velocity feedback filter, where 7 is the velocity feedback
filter time constant. G4(s) = 1/ (74s+1) is the transfer function
of the speed loop proportional integral (PI) controller, where
Ty is the speed loop time constant. G.(s) = 1/(7.s+1) is the
transfer function of the current loop PI controller, where 7. is
the current loop time constant. G, (s) = K /(Js+B) is the transfer
function of a mechanical system, where K J, and Brepresent the
motor mechanical time constant, moment of inertia, and friction
coefficient, respectively. Gopr(s) is the transfer function of the
CFT-based method, as described in [30], and can be expressed
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as
3 2 2 2
Gerr (5) = — kps® 4 (kp+ki) s+ (kpwy + ki) s+ (kp —ki)w;,

s*+283 4+ (14-2w2 ) s2 +2w2 s+ w2 +wi

&)
where k;, and k; are the proportional and integral parameters
of the CFT-based method, respectively, and w, is the center
frequency.

To analyze the system’s stability, the open-loop transfer func-
tion Gor,(s) of the speed control system is derived as (8) shown
at the bottom of the next page. It can be seen from (8) that there
is no positive pole in the system open-loop transfer function (P
= 0). By substituting the motor parameters from Table II into
(8), the Bode diagram is plotted at center frequencies of 207w
rad/s and 607/s rad, as shown in Fig. 4.

In Fig. 4, according to the system stability criterion, in the
frequency range before the system cutoff frequency w., the
phase-frequency characteristic curve at 207 rad/s exhibits a
positive crossing (N ) and a negative crossing (N_) at the —180°
line, indicating system stability. However, at 607 rad/s, the
phase—frequency characteristic curve shows only one negative
crossing (N_) at the —180° line, indicating system instability.

From the above analysis, it can be seen that the phase delay
introduced by the velocimetry delay, the control loop bandwidth,
and system nonideal characteristics will all lead to system insta-
bility.

To ensure that the system does not operate in a critically stable
state, the phase margin + is designed as

LGoL(jwe) — v > —. (6)
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TABLE I
DIFFERENCE BETWEEN THE PROPOSED AND THE EXISTING SPEED RIPPLE REDUCTION METHOD

Type Features

Concerns

Extended state observer [31] - Strong robustness

- Less dependence on accurate modeling

- Sensitive to parameter tuning
- Limited ability to distinguish harmonic frequencies

Disturbance observer [32] - Conceptually clear and intuitive

- Harmonious balance of performance characteristic

- Complicated control law design

- Easy to implement

Sliding mode observer [33] - Excellent dynamic performances

- Chattering phenomenon
- Infinite-time convergence

Internal model control [34] tracking and disturbance rejection

- Two degrees of freedom control design for trajectory

- Restricted control performance under complex
disturbance conditions

- Excellent parameter robustness.

The proposed method - Good harmonic tracking capability

- Oftline determination of frequency for harmonic
suppression

TABLE II
PARAMETERS OF THE TEST PMSM

Parameter Value Parameter Value
Rated power 2.2 kW Phase resistance 2.53Q
Rated voltage 380V D-axis inductance 22.38 mH
Rated current 35A Q-axis inductance 51.75 mH

Rated frequency 75 Hz Pairs of poles 3

Rated speed 1500 r/min Magnetic flux 0.5 Wb

When the motor operates at low speed, the phase lag in-
troduced by the current loop and mechanical system can be
neglected. Substituting (3) and (5) into (6) yields

tan [(0.75 — fute) T — 7]

We

Tos < , 7> iﬂ'. @)

According to (7), the relationship between the speed loop
bandwidth, speed feedback filter time constant, and M-method
sampling time is plotted, as shown in Fig. 5. It can be seen that,
to ensure the system meets the required phase margin +y in (6),
a complex offline testing and tuning process is required that
reduces overall performance.

In Section I1, the theoretical boundaries for the unstable region
of harmonic injection-based speed ripple reduction methods are
established through coupled dynamics analysis. At the same
time, this section innovatively points out that the phase delay
introduced by velocimetry will seriously affect the stability
of the harmonic injection-based method through phase delay
modeling of the velocimetry system and control system stability
analysis. The solution to this problem will be introduced in the
next section.

III. PROPOSED ADAPTIVE HARMONIC TRACKING BASED
SPEED RIPPLE REDUCTION METHOD

A. Principle of Adaptive Harmonic Tracking Method

To solve the problem mentioned in Section II, a speed ripple
reduction method based on adaptive harmonic tracking is pro-
posed in this article, as shown in Fig. 6. This method does not
require distinguishing the sources of speed ripple, avoiding the
complexity of the parameter and convergence design process.
Meanwhile, the proposed method is unaffected by the speed loop
bandwidth and phase lag introduced by velocimetry, offering
advantages such as a simple structure and strong versatility.

The proposed method can be divided into two parts: a CFT
extraction module and an adaptive phase correction function.
The former is responsible for extracting harmonic information
from the speed ripple and preliminarily generating the compen-
sation current. The latter is responsible for adaptively correcting
the phase lag of the compensation current. By setting the central
frequency wy, of the sine and cosine functions to be consistent
with the harmonic frequency that needs to be suppressed, this
method has a good suppression effect on any frequency harmonic
order.

The motor speed wy, varies periodically due to various non-
ideal factors of control systems, which can be expressed as

“+o00
win(t) = wo(t) + D [Auck €08 (kwmt) + Augic sin (kwmt)]

k=1
©))
where wq, Ayck, and A are the dc component of w,, and the
cosine and the sine Fourier decomposition amplitudes of the kth
harmonic component of w,,, respectively.

GoL (s) = [Gos (5) Gs (s) + Gerr (5)] - Ge (5) G (5) Gem (5)
B K, 1 kP (kp o+ )52 + (kpw? + ki)s + (kp — kw2 (1= e =t ?
~ (Js+ B) (tes+1) \ (Tos5+1) (1s5 + 1) st 4283 + (1 4+ 2w2)s? + 2w2s + w2 + wi s - te '
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To enhance the harmonic extraction capability, the CFT
method is adopted, as shown in Fig. 7. The basic idea of the
CFT method is to generate a fluctuating iy ., by extracting
the fluctuating component from w,,. A,ck and A,gsk can be
extracted from the speed error € through the Fourier transform.
A sinusoidal compensation current iy ., is generated by com-
bining the adjustable compensation angle (o, and the com-
pensation gain K, which has the same frequency as the extracted
harmonic. By setting the rotation frequency of the sine and
cosine functions to be consistent with the harmonic frequency
that needs to be suppressed, this method has a good suppression
effect on any harmonic frequency order.

Taking the fundamental component (k = 1) harmonic as an
example. Multiplying the speed error € by the sine and the cosine
component of the rotor position, the following can be obtained
as

g(t) - sin (wmt) = (Wm — wo) - sin (wit)

A [Awe €08 (wimt) + Ays sin (wit)] - sin (wmt)
:%Awﬁ% [Aus sin (2wimt) — Aye €08 (2w t)]
e(t) - cos (wmt) = (wm — wp) - €os (Wmt)
~ [Awc cos (wmt) + Ays sin (wt)] - cos (wmt)
:%ch—i—% [Awe cos (2wmt) +A,s sin (2wnt)]

(10)

where A, and A5 are the cosine and the sine Fourier decompo-
sition amplitude of the fundamental component of speed error
e (1), respectively.

Proposed adaptive harmonic tracking based speed ripple reduction method for PMSM drives.

When the harmonic frequency is identified, the sine/cosine
functions and low-pass filters in the amplitude extraction stage
are employed to extract the amplitude of the speed ripple. Taking
the sine branch as an example, (11) is obtained as

1 [T .
e?vtdw.

Aus [e(t) - sin (wt)] (11)

Tor ) Tijw + 1

Excessive phase delay can lead to unstable of the control
system. When the injected signal is miscompensated, it will
cause the CFT method to diverge until the controller is saturated.
In other words, as long as the integrator is saturated, it means
that there is a certain phase lag in the system that needs to be
compensated. When the phase lag compensation is completed,
the algorithm will exit the saturation region. Therefore, whether
the algorithm enters the saturation region becomes a sign of
whether phase compensation is needed.

The adaptive extraction of the compensation amplitude and
phase is achieved through a PI controller with antiwindup func-
tion. The control law can be expressed as

U = — kpAws + fkiAwsdta U; S Ug
1 kpAws + f k'i [AUJS — (Ui — u())] dt, Ui > U
(12)

where u; and u, represent the input and output value of the
integral limiter. By utilizing the phase error information, when
the algorithm operates in the saturation region, the compensation
phase @com is adaptively corrected through saturation charac-
teristic extraction as

[ K |ui — uoldt,
Peom = U K |us — U, - sgn (us)|dt,

ui < U

Ui > Uy (13)

where U, represents the upper limit of the antiwindup controller,
sgn(-) denotes the sign function, and K represents the self-tuning
parameter, whose value influences the speed of adaptive adjust-
ment.

By extracting saturation information, the compensation phase
©eom in (13) is gradually approached to the phase lag Ay in-
troduced by velocimetry in (3) to achieve adaptive harmonic
tracking.
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It can be seen from (13) that, when the system is stable (u; =
u,), the compensation angle is 0. When the system operates in
the saturation region (u; >u,), the proposed method utilizes the
difference between the input and output of the saturation func-
tion to adaptively extract the compensation angle, and gradually
accumulates the compensation angle until the system is stable (;
= u,). When it operates in the desaturation region, the adaptive
convergence process of the delay phase angle is completed. From
the convergence process, it can be seen that the proposed method
does not rely on any motor parameters and has good generality.

After obtaining the compensation amplitude and phase for
the sine/cosine branch, the two branches are combined to recon-
struct the injected compensation harmonic current ix g_com. By
integrating (11)—(13), the control law of the proposed strategy
can be derived as

Ay = % fj;c [€ - sin (wpt)] e e?“tdw

Trjw+1

. kpAws + fkiAwsdt, Ui < Ug
U == {kpAws + [ ki [Aws — (wi — uo)| dt,  u; > u,
B8 com = Uo [sin (wnt + [ K |u; — uoldt)
+cos (wnt + [ K |u; — uoldt)]
(14)

where w,, is the central frequency of the harmonic to be sup-
pressed. It should be noted that w,, can be the k (k = 1,2,3,...,)
times at the mechanical speed w,,, or it can be any fixed fre-
quency that is independent of the speed. It can be seen from the
control law that the proposed method does not depend on the
motor parameters.

Based on spectrum analysis theory, when the injected signal
is miscompensated, it will cause the system to diverge until the
controller is saturated. This is the saturation characteristic of
the system. The proposed method divides three control modes
through the saturation function: linear region, saturation region,
and desaturation region. A schematic diagram of the operating
mode is shown in Fig. 8.

In the linear region, the compensation g-axis current is ini-
tially generated by the coordination of the closed-loop extraction
branches. When in the saturation region, the control law is
constructed in combination with the saturation characteristic of
the system, and the compensation current phase is adaptively
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adjusted to achieve the best control effect. The injected com-
pensation current realizes adaptive tracking of speed ripple even
in the presence of unmodeled disturbances.

In summary, the proposed method utilizes the saturation char-
acteristics of spectral analysis theory under unstable states to
adaptively correct the injected harmonic modes. By adaptively
correcting system phase-frequency characteristics, unstable is-
sues caused by the cutoff frequency are avoided. Also, the in-
jected compensation current realizes adaptive tracking of speed
ripple even in the presence of unmodeled disturbances.

B. Analysis of the Attractivity Conditions

As shown in Fig. 8, the proposed algorithm usually operates
in the linear region or desaturation region. When the fluctuating
torque disturbance changes, the speed ripple reduction system
may operate in the saturation region. In this region, the harmonic
amplitude tracking function is blocked and the integral state
tends to zero. If the fluctuation torque remains within a certain
range, the system will be attracted from the saturation region to
the desaturation region. Therefore, it is necessary to analyze the
attraction conditions of the system from the saturation region to
the desaturation region.

Since the time constant of the current controller is much
smaller than that of the speed controller (7. <<7g), the input

error equation of the proposed algorithm is given by
Jé = —Be — JKyig com + T'L (15)

where T'1, represents the load torque ripple. In the saturation
and the desaturation region, the following holds:

iq com = Uo {sin (wmt + K/ |t — o) dt)
+ cos (wmt + K/ | — o dt)}

= V/2u, sin (Wt + 0.257 + Yeom) - (16)

It should be noted that in the linear region, p¢on, is 0, whereas
in the desaturation region, ¢.on 1S @ constant value.

Defining the integrator output value as g, in the linear region,
(17) can be obtained as

q= Aysks. (17)
Constructing the Lyapunov function Vi (¢ , g) as
1 1
Vi(eq) =5 + 50— )’ (18)

2 2

where g5 represents the steady-state value of the integrator.
Substituting (15)—(17) into the derivative of (18) yields

Vi(e,q) =eé+q4(q—gs)
— B 2 kp. . ™
= —75 —\/§Kt (q—|—kiq> sin (wmt—kz)e

T,

+ 7€+Awski (g —gs)- (19)

Let the maximum value function max{e } represents the
amplitude of the sinusoidal component of the speed ripple €. To
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maintain system stability (V7 (e, ¢) < 0), (20) can be obtained
as
!

JLZ-I-I-ki(q—

Since the system operates in the linear region, g5 should be
less than the upper limit U,,. Rearranging (20) yields

'L <kJ(Us,—q).

gs) -max {e} < 0. (20)

21

When the speed ripple, motor inertia, and integrator output
value satisfy the relationship in (21), the proposed method
operates in the linear region. When in the saturation region, the
desaturation condition should be discussed.

Constructing the Lyapunov function Va(c ) as

1
Vo (e) = 552 (22)
Substituting (15) and (16) into the derivative of (22) yields
Va(e) = eé
B

. ™ €
= —75‘2 — \/ieuoKt sin (wmt + Z + (pcom) + jT/L'
(23)

In the saturation state, the output of the integrator is zero.
Therefore, after extracting the dc component through the low-
pass filter, the input value can be expressed as u; = A, skp/2.
Setting the saturation upper limit as u; = U, and the input value
into (23) yields

. B V2
Vale)= — 7\5\2 — TUOKtasgn(kpAws)

. ™ T,
sin (wmt + 1 + @com) + 7 5

B V2 T,
< - 7\5\2 — el <2U0Ktkp - J> @

To ensure system stability, according to the Lyapunov stability
criterion, let V5 (g) < 0, which gives
T

o< T V2JU,K ik,
B 2B

In the desaturation region, the maximum error satisfying the
attraction condition of the linear region should be less than the
error constraint U,/k;,. Rearranging (25) yields

Ty, < (B + ﬁijp) Us.

kp 2
If the system satisfies the attraction condition in (26), the
speed ripple will converge within the error boundary, and the
proposed strategy will be attracted from the saturation region to
the desaturation region.

(25)

(26)

C. Stability Analysis of the Desaturation Region

Depending on whether the desaturation algorithm is enabled,
two regions exist: the linear region (w <w.) and the desaturation
region (w >w.). The system transfer function in the linear region
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Fig. 9. Bode diagram of the proposed system.

is consistent with (8). When the system operating frequency is
lower than the cutoff frequency, according to Fig. 4, the system
is stable. Otherwise, the system enters the saturation region.

This section analyzes the stability of the proposed method in
the desaturation region. The low-pass filter adopts a first-order
form with the cutoff frequency of 1 Hz, and its transfer function
is given by Grpr(s) = 1/ (s+1). The system transfer function for
the desaturation region is constructed as

a(s) = (t) sin(wmt)] - Grer(s) - Gri(s)

Lle
b(s) = -L [ (t) cos(wmt)] - Grer(s) - Gr(s)
2q i com(8) =L [a(t) sin (Wit +Peom) +b(t) cos (Wmt+¥com)]
(27
where L(-) denotes the Laplace transform operator.
Rearranging (27) yields
G/CFT (S) = GcFr (S) e Peom$ (28)

Substituting (28) into (8), the open-loop transfer function of
the control system in the desaturation region is obtained as (29)
shown at the bottom of the next page.

Based on (29), the open-loop transfer function of the proposed
method is plotted, as shown in Fig. 9.

According to the system stability criterion, it can be seen
that the proposed strategy stabilizes the control system after
desaturation by adaptively adjusting the lead phase. This theoret-
ically resolves the divergence issue of the speed ripple reduction
caused by the phase lag introduced by speed sampling. By com-
paring the Bode diagrams of the open-loop transfer functions
of the traditional method in Fig. 4 and the proposed method in
Fig. 9, the effectiveness of the proposed method is verified.

To describe the difference between the proposed method and
the existing speed ripple reduction methods more intuitively, a
detailed comparison is listed in Table I.

D. Parameter Tuning for Speed Ripple Minimization

The design of the parameter k; is analyzed based on the
characteristics of the controller in the linear region. According
to (5), let the open-loop gain be Gy, and the following holds

Go =20 lg |GCFT (8>| (30)

S=jwn

Since the parameters U,,, k,, and K determine the desaturation
and phase adaptive adjustment speed of the algorithm in the
saturation region, the design of these parameters needs to be
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Fig. 10. Control block diagram of the proposed strategy under integrator
saturation conditions.

analyzed in the saturation region. Fig. 10 shows the simplified
control block diagram of the proposed strategy under saturation
conditions.

To ensure the algorithm can smoothly transition from the
saturation region to the linear region, the range of the saturation
region limit value U, is derived by referencing (26) as

2%, 'y,

o> —— = 31
2B + V2JK k2 ©1)

As shown in Fig. 10, the proposed phase adaptive algorithm
primarily involves the lead correction of the compensation cur-
rent. Without correction, let i com (?) =2 UoSin(wpy, 1+0.257).
Based on the time-shift property of the Laplace transform, the
expression for the g-axis current in the complex frequency
domain after compensation ix q_com(s) can be obtained as

my KAwk; )
Z:] com(s) =L |:iqcom <t+ %n>:| = \/EUO (Z+ 2s ) .
- w.

: (32)
It can be seen from (32) that the proposed method focuses on
the adaptive correction of the compensation phase. Considering

the sinusoidal ripple component in the mechanical equation of
the PMSM, (33) can be obtained as

3nphm A;
A, = 2o¥mfiq
QJWIH

wnl e
§%w2,

(33)

where A;, represents the amplitude of the g-axis current ripple
component. Considering the inverse relationship between the
phase compensation value and the amplitude of the g-axis cur-
rent ripple component, A, can be derived Ajq = i, (1-Qcom/T),
where i}, is the current base value.

To tune the phase correction parameter K, it is necessary to
construct a phase correction system control block diagram with
the speed fluctuation A,, as the control target. The simplified
system block diagram is shown in Fig. 11. As shown is Fig. 11,
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O ¢C0m
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+ + & Drives
4 - +: Phase 4o
® H
' delay
Fig. 11.  Simplified block diagram of phase correction system.

the phase correction system can be equivalent to a first-order sys-
tem. Taking ¢com(s) as the control target, the transfer function
of can be obtained as

37Tnp’l/1mibK
=27 Jwm$ + 3nptminK

@com(s) = (34)

Defining the time constant of this system as Tppase, the
theoretical value of the phase correction parameter K can be
obtained as

21 Jwm

__ 2mlem (35)
3np Ymin Tphase

Through the tuning process of parameters k;, U,, and K in
(30), (31), and (35), it can be seen that the proposed method
has little dependence on motor parameters. It should be noted
that, as can be seen from (33), as the motor inertia changes, the
harmonics in the control system will also change accordingly,
which puts higher requirements on the speed ripple reduction
method. To address this problem, the proposed method matches
the optimal compensation current through a method similar to
online optimization. The proposed algorithm has good robust-
ness in the case of parameter mismatch.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed speed ripple re-
duction method, experiments were performed on the 2.2-kW
PMSM platform shown in Fig. 12. The parameters of the test
PMSM are listed in Table II. An induction motor is coaxially
fixed with the PMSM to produce the load torque. An ARM chip
STM32F103VCT6 is applied to execute the entire control strat-
egy. The PWM carrier frequency and the sampling frequency
are all set to 6 kHz. The parameters of the proposed method are
set to k; = 25, k;, = 2, and K = 0.1.

The position was obtained from an OMRON E6B2-CWZ6C
2000P/R incremental encoder. To maintain the velocimetry ac-
curacy while taking into account the measurement noise prob-
lem, the sampling time interval z. should not be too long or too
short, and is set to 10 ms.

According to (3), when the motor operates at 700 r/min and
300 r/min, the velocimetry lag of the ripple harmonic at twice
the mechanical speed is calculated to be 0.237 rad and 0.107
rad, respectively.

G'oL (s)= [Gos (5) Gs (s) + Gerr (5)] - Ge (5) G (5) Gem (5)

Ky

- Ty (o > (FrnmeTy G @),

(29)
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To verify the effectiveness of the proposed method, Fig. 13
shows the experimental comparison results of speed ripple re-
duction when the motor operates at 700 r/min using the tradi-
tional CFT based method and the proposed method. The 2nd
harmonic component is intentionally injected into the speed
loop. It can be seen from Fig. 13(a) that the speed ripple
increases by 36 r/min after enabling the traditional method, and
the overcurrent fault occurred due to erroneous compensation.

methods when the motor operates at 300 r/min. (a) With the traditional method.
(b) With the proposed method. (c) Speed ripple FFT analysis of the traditional
method. (d) Speed ripple FFT analysis of the proposed method.

With the proposed method, as shown in Fig. 13(b), when the
saturation issue is detected, the compensation angle is adap-
tively adjusted by 0.237 rad. The result is consistent with the
conclusion of phase lag introduced by velocimetry in (3). The
current amplitude decreases from 4.6 to 1.0 A, and the speed
ripple is reduced by 11 r/min. Additionally, FFT comparison
analysis of the speed ripple between two methods, as shown in
Fig. 13(c) and (d), reveals that the 2nd harmonic content in the
rotor speed decreases from 0.141 to 0.014 p.u. The proposed
method achieves phase adaptive adjustment under the condition
of erroneous speed ripple compensation.

Fig. 14 shows the experimental comparison results of speed
harmonic suppression when the motor operates at 300 r/min
using two methods. It can be seen from Fig. 14(a) that, the
speed ripple decreases from 44 r/min to 21 r/min and the cur-
rent amplitude decreases from 3.4 to 0.4 A after enabling the
traditional method. However, the speed convergence process is
slow. As shown in Fig. 14(b), the compensation angle adaptively
adjusted by 0.127 rad to accelerate the convergence process with
the proposed method. Also, the compensation angle is consistent
with the conclusion of phase lag introduced by velocimetry in
(3). The current amplitude decreased from 3.4 to 0.4 A, and
the speed ripple was reduced by 25 r/min. FFT comparison
analysis of the speed ripple between two methods, as shown
in Fig. 14(c) and (d), reveals that the 2nd harmonic content in
the rotor speed decreases from 0.108. to 0.0126 p.u. Based on
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the above analysis, the proposed strategy not only adaptively
corrects phase lag but also accelerates the speed ripple reduction
convergence process, enhancing the algorithm’s rapidity.

Fig. 15 shows the experimental result of speed harmonic
suppression when the motor operates at 100 r/min with the
proposed method. It can be seen that the speed ripple decreases
from 58 r/min to 12 r/min after enabling the proposed method.
Additionally, FFT analysis of the speed ripple reduction, as
showninFig. 15(b) and (¢), reveals that the 2nd harmonic content
in the rotor speed decreases from 0.871 to 0.043 p.u. With min-
imal phase lag, no erroneous extraction occurs, indicating that
the proposed strategy exhibits excellent stability at low-speed
region.

To verify the effectiveness under varying speed conditions,
Fig. 16 shows the experimental comparison between two meth-
ods in the speed range of 100 to 750 r/min. It can be seen
from Fig. 16(a) that the current gradually diverges to 4.5 A
as the motor accelerates to 750 r/min, indicating erroneous
compensation with the traditional method. After applying the
proposed method, as shown in Fig. 16(b) the compensation angle
is adaptively adjusted by 0.147 rad and the maximum ripple
current amplitude is 1.5 A. Therefore, the proposed method’s
control performance is superior to that of the traditional method.

To compare the control performance between the proposed
method and the extended state observer (ESO) based method in
[31], Fig. 17 shows experimental results of speed ripple reduc-
tion with the ESO based method. In Fig. 17(a), the speed ripple
increases by 35 r/min after enabling the ESO based method when
the motor operates at 100 r/min. However, in Fig. 17(b), the
speed ripple increases by 7 r/min after enabling the ESO based
method. The harmonic content in the speed is still high. The
ESO based method in has a certain degree of rapidity in speed
ripple reduction. However, as the harmonic frequency increases,
the suppression effect gradually becomes worse. Comparing
to the speed ripple reduction effect with the proposed method
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in Figs. 14(b) and 15(a), the speed ripple reduction effect of
proposed method is better than that of the ESO based method in
full speed range.

To verify the effectiveness of the proposed method under
0%, 50% and 100% load conditions. Fig. 18(a) and (b) shows
the experimental verification of the speed ripple reduction ef-
fect when the motor operates at 100 r/min and 750 r/min
with load changes. It can be seen that the proposed method
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has good stability under different speeds and loads condi-
tions, and speed ripple reduction ability is not affected by load
changes.

To verify the robustness of the proposed algorithm, Fig. 19
shows the experimental results of the speed ripple reduction
effect with the proposed method under the conditions of 50%
resistance and inductance error. As can be seen from Fig. 19(a)
that, under the condition of 50% resistance error, the g-axis
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(a) Fundamental frequency ripple. (b) 2nd harmonic ripple.

compensation current iqcom 1S adaptively adjusted by 0.3 A
without affecting the speed. Also, in Fig. 19(b), under the
condition of 50% inductance error, the proposed method is
minimally affected by the parameter changes. Therefore, the
proposed algorithm works well in the condition of parameter
mismatch.

Fig. 20 shows the statistical chart of harmonic suppression
effects using two methods under rotor speeds ranging from 100
to 700 r/min. When the speed ripple harmonic at the mechanical
speed wyp,, it can be seen from Fig. 20(a) that the proposed
phase self-adjustment is enabled at 500 r/min when the system
has fundamental frequency ripple, achieving a maximum har-
monic suppression rate of 85.71%, and the suppression effect
is superior to that of the traditional method. When the 2nd
harmonic ripple is introduced, as shown in Fig. 20(b), the phase
self-adjustment is enabled at 300 r/min, achieving a maximum
harmonic suppression rate of 95.06%. In summary, the proposed
method demonstrates excellent reduction effects on speed ripple
and good generality.

V. CONCLUSION

A speed ripple reduction method based on adaptive harmonic
tracking for PMSM drives has been proposed in this article. The
proposed method utilizes the saturation characteristics of spec-
tral analysis theory under unstable states to adaptively correct the
injected harmonic modes. This method does not require distin-
guishing the sources of speed ripple, avoiding the complexity of
parameter and convergence design in the model-based methods.
Meanwhile, the proposed method is unaffected by the speed
loop bandwidth and phase lag introduced by speed measurement,
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offering advantages such as simple structure and strong versatil-
ity, and provides an effective solution for the high-performance
harmonic injection—based speed ripple reduction method. The
stability of the proposed method across three modes is analyzed
with the Lyapunov theory. Additionally, the parameter tuning
process is investigated, enhancing the ability to reduce speed
ripple under various conditions. Although the proposed method
includes the harmonic amplitude tracking, adaptive phase cor-
rection, and compensation current reconstruction functions, it
does not increase much calculation load on the chip. Experi-
mental results on the PMSM drives verify the effectiveness of
the proposed method.
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