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Abstract—In this paper, a rotor position tracking
control (RPTC) strategy is proposed to effectively reduce
the speed fluctuation for a direct-drive permanent
magnet synchronous motor (DD-PMSM) servo system
operating at low speed with different torque disturbances.
In this strategy, considering the derivative relationship
between the rotor position and speed, a speed command
is converted to a real-time rotor position trajectory, and
then a position-current two-loop control with the RPTC
controller is proposed based on the internal model
method to smoothly track the rotor position. In addition,
the parameter design of RPTC controller from the
perspectives of robust stability and anti-disturbance
capability is investigated as well. Comparative simulation
and experimental results demonstrate that, at low speed,
the proposed RPTC strategy has a good speed
performance for both periodic and non-periodic torque
disturbances. Moreover, it enjoys simple implementation
for not requiring the precise speed feedback and
specific torque disturbance information.

Index Terms—direct-drive servo system, PMSM, RPTC,
low speed, torque disturbance.

I. INTRODUCTION

Different from the traditional low speed drive system,
the direct drive permanent magnet synchronous motor
(DD-PMSM) system eliminates gear transmission
mechanisms such as reducers, and adopts a low-speed
high-torque motor to directly drive loads [1]. It has a series
of advantages such as compact structure, high accuracy,
high efficiency, fast dynamic response, high reliability, low
noise, and so on [2]. So it is widely used in high-performance
servo equipments for industry, aerospace, etc. [3], [4].
However, for low speed or even ultra-low speed operations,
the motor is usually subject to torque disturbances from the
system itself (such as cogging torque, harmonic torque) and
outside loads (such as load torque, friction torque) [5]. And
because there is no transmission or reduction mechanism,
these disturbances would directly act on loads, and load
disturbances would also be directly transmitted to the motor
shaft, which seriously affects the speed stability and
performance, especially at low speed [2].

This work was supported in part by the National Natural Science
Foundation of China under Grant 51507079, in part by the China
Postdoctoral Science Foundation Funded Project under Grant 2016790454,
and in part by the Fundamental Research Funds for the Central Universities
of China under Grant NS2018025. (Corresponding author: Feifei Bu.)

F. Bu, F. Xuan, Z. Yang, Y. Gao, and Z. Pan are with the Center for
More-Electric-Aircraft Power System, Nanjing University of Aeronautics
and Astronautics, Nanjing 211106, China (e-mail: bufeifeil 984@]163.com;
16605222209@]163.com; yangzhida 01@163.com; 15651662621@]163.com;
panzihao@nuaa.edu.cn).

M. Degano and C. Gerada are with the Power Electronics, Machines and
Control Group, University of Nottingham, Nottingham NG72RD, UK.
(e-mail:michele.degano@nottingham.ac.uk;chris.gerada@nottingham.ac.uk).

A conventional speed control strategy of the PMSM
servo system can be briefly divided into three parts: a speed
outer loop, a current inner loop and a pulse width
modulation module. Among them, the speed outer-loop
controller is usually based on a proportional-integral (PI)
regulator which is simple and reliable, but in some
high-performance applications, its disturbance rejection
performance is not satisfactory [6]. Therefore, various
methods are proposed to reject torque disturbances. For
periodic disturbances, such as cogging torque, flux
harmonics, current measurement errors and phase
unbalancing, [7]-[9] respectively explore the proportional
resonance control, repetitive control, and iterative learning
control to improve speed performance. In general, the
lower the speed is, the larger the speed fluctuation caused
by periodic disturbances would arise. Unfortunately, to
overcome this problem, the above methods usually need to
know the specific information of disturbances [10]-[12].
For non-periodic disturbances, such as step-change loads
and random disturbances, some scholars also propose
several approaches. In [13]-[16], different disturbance
observers, including the reduced-order observer, extended
state observer, sliding-mode disturbance observer, and so
on, are studied for direct compensation to reject
non-periodic disturbances. However, the accuracy of
observers is usually affected by the decrease of speed and
inaccurate models, which reduces the compensation effect
[17]-[19], and may increase the control complexity.

Generally, for the traditional control strategy with a
speed outer loop, the accurate speed feedback is a basic
requirement. For common speed or high speed, the speed
information is usually easy to be acquired and its accuracy
can be guaranteed. But, at low speed or even ultra-low
speed, even if the error of position measurement is very
small, it would cause large error in speed information due
to the derivative operation in speed calculation [20]-[22],
which usually cannot be neglected. Thus, if such an
inaccurate speed signal is used as the feedback, not only the
speed stability would be affected, but also the capability of
disturbance rejection would be weakened.

Based on the above analysis, in order to effectively
improve the low speed performance of DD-PMSM servo
system under different torque disturbances, this paper
proposes a novel strategy that realizes the speed control
through the position control, namely the rotor position
tracking control (RPTC) strategy. In this strategy, based on
the derivative relationship between the rotor speed and
position, the speed control is converted to the position
control. And with the help of internal model method, a
position-current two-loop control is employed, and the
RPTC controller is proposed, so as to guarantee the
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continuous rotor position trajectory tracked smoothly.
Using this strategy, for the DD-PMSM servo system
operating at low speed, periodic and non-periodic torque
disturbances can be effectively suppressed, and a good
speed performance can be obtained as well. In addition, it
has the advantage of simple implementation because the
precise speed feedback and specific torque disturbance
information are not required.

The rest of this paper is organized as follows. In Section
II, the traditional PI-based speed control is analyzed.
Section IIT presents the proposed RPTC strategy. And the
design of RPTC controller is studied in Section IV. Section
V and Section VI give the simulation and experiments,
respectively. Finally, conclusions are drawn in Section VII.

IT. ANALYSIS OF TRADITIONAL PI-BASED SPEED CONTROL

A. PMSM Model

The model of a PMSM in the synchronous d-q rotating
frame is given as follows [9]:

0
u, =Ri,+L, ﬁ— poL,

di
u,=Ri +1L, 7;’+pna)Ldid +p,0p, (1)

J do =T -T,-Bw
dt

where, w is the rotor mechanical angular speed; ug, u, are
the d-axis and g-axis stator voltages, respectively; iq, i, are
the d-axis and g-axis stator currents, respectively; Lq, Ly, Ry,
pn, W are the d-axis inductance, g-axis inductance,
resistance, pole pairs, magnet flux linkage, respectively; Te,
Ti, J and B, are the electromagnetic torque, load torque,
inertia and viscous coefficient, respectively.

B. Limitations of the Traditional PI-Based Speed Control

(1) Contradiction between the tracing and anti-disturbance

Fig. 1 shows the conventional speed control block
diagram with a PI regulator based on (1), where the load
torque is regarded as the disturbance torque 7y 7; is the
inverse of current loop bandwidth; Kris the torque constant,
Kr=1.5p.yys; k, and k; are the proportional and integral
coefficients, respectively.

[43) * kpS + ki lq 1
+ s ,5+1
I Speed loop

Current loop
Fig. 1. Traditional PI-based speed control block diagram.

Js+B,

[23] and [24] explain the contradiction between the
tracing and anti-disturbance for the speed control shown in
Fig. 1. As ki/k, increases, the speed tracing performance
would be improved, but the anti-disturbance performance
would contrarily show a deterioration trend. In other words,
the traditional PI-based speed control has a limitation: It is
hard to obtain a good speed tracing and anti-disturbance
performance at the same time. This is an unfavorable factor
for high-performance speed control, especially at low speed.

(2) Error in the speed acquisition at low speed

In general, the position error is small because of high
acquisition accuracy. However, because the speed is

http://dx.doi.org/10.1109/TMECH.2020.3019039

obtained by the position derivative, it can be known from
(2) that this error would be amplified by nearly 1/7. times
in speed acquisition [20], [22]. It means that the error
would be up to 2000 times if the speed loop control
frequency is 2kHz.

do o
= err ~ err 2
o dt T @

where, wer, Oe are the speed error and position error,
respectively; T, is the speed loop control period.

In other words, due to the derivative calculation process,
the above-mentioned large error in speed acquisition is
difficult to be avoided. At common speed or high speed,
this kind of error has little influence because it accounts for
a small proportion of speed itself. However, it cannot be
ignored at low speed, thus requiring much more attention
then. If such an inaccurate speed signal is used as the outer
loop feedback at low speed, the speed stability wouldn’t be
guaranteed, let alone the anti-disturbance performance.

III. PROPOSED ROTOR POSITION TRACKING CONTROL

A. Basic Idea and Structure of the RPTC Strategy

On the one hand, according to the derivative relationship
mentioned in (2), the smooth movement of rotor position
determines the speed stability. On the other hand, the
position error is much smaller than the speed error. Thus,
smoothly tracking the rotor position trajectory may achieve
a better speed performance at low speed with different
torque disturbances. Based on the above idea, this paper
proposes a novel low speed control strategy, which is called
the RPTC strategy, as shown in Fig. 2.
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Fig. 2. Block diagram of the proposed RPTC strategy for the DD-PMSM
servo system.

In this RPTC strategy, apart from the traditional inner
current control loop, there are other two important parts: (1)
the integrator for converting the speed reference to the
real-time position trajectory; (2) the RPTC controller for
the outer position control loop. For the part (1), after the
speed command is converted to the position trajectory, the
actual position can be directly fed back for subsequent
control. Therefore, as long as the RPTC controller in part (2)
can smoothly track the position trajectory, the stable speed
can be achieved, which is an important and key factor for
the proposed RPTC strategy. Meanwhile, this strategy is
introduced into i=0 vector control scheme to complete
motor control.
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B. Type Selection of the RPTC Controller

(1) Important requirements for the RPTC controller

From the analysis above, the command to be tracked in
the PRTC strategy is no longer a constant speed signal, but
a real-time position trajectory. So, in order to implement the
RPTC strategy, the following conditions (3) and (4) must
be simultaneously satisfied. In (3), 6, (s) is the Laplace
transform of any position point on the real-time trajectory;
6(s) is the actual position; R is a constant; ®(s) is the closed
loop transfer function of the system. In (4), 0*(s) can be
regarded as smooth links between points on this trajectory.
In other words, the tracking of real-time position trajectory
needs to be theoretically free of static and dynamic errors.

lim s[ 6 (s)-0(s) | = lims[1 —cb(s)]5 =0 3)
s—=0 50 Ky

lims[ 6" (s)—6(s) | = lims[1 —@(s)]”—z* =0 (4
s—0 s—0 s

Equation (3) lays emphasis on the accurate position of
each point on the trajectory. And (4) means the smoothness
of the rotor movement between these points. However, as
torque disturbances would cause speed fluctuations, the
above two conditions often cannot be strictly satisfied.
Therefore, the controller should be designed to meet (3) and
(4) as much as possible, so as to reject torque disturbances.

In addition, some application areas, such as aerospace,
have certain limitations on control resources and require
high reliability, so the RPTC controller structure should
also be simple and easy to be implemented.

In summary, to meet the above requirements, the choice
of controller type is very critical.

(2) Introduction of internal model method

Many methods often focus on the above condition (3),
which is mainly to realize position locating [25]-[27], and
the smoothness of rotor tracking is not strictly required.
One reason is that their control goal is to accurately reach
the position command, not to obtain a good speed
performance. This is the main difference from the proposed
RPTC strategy in this paper. The other reason is that if the
methods themselves do not possess strong robustness, it is
difficult to guarantee the smoothness of position movement
once disturbances occur. Even if it is possible to satisfy
above conditions (3) and (4) by combining many kinds of
methods, the algorithm complexity would be inevitable.

The principle of internal model control is to track the
input command by feeding back the deviation between the
actual plant G,(s) and the normal model of plant G,(s) [28],
[29], as shown in Fig. 3, so its tracking effect does not
depend on the form of the input signal r(s). What’s more,
the internal model control itself has strong robustness [30],
[31], which is very beneficial for the satisfaction of above
conditions (3) and (4). In addition, it has the advantages of
no need for an accurate object model and few online
adjustment parameters.

r(s)

Fig. 3. Functional block diagram for the internal model control.
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Therefore, in this paper, the internal model method is
selected to design the RPTC controller.

C. RPTC Controller Based on the Internal Model Method

The block diagram of the RPTC controller based on the
internal model method is shown in Fig. 4. For convenience
of design, in Fig. 4, the current loop part is equivalent to 1.

In Fig. 4, Gumuc(s) is defined as the internal model
regulator. It can be seen from Fig. 3 and Fig. 4 that the
plant has become G,(s)=K7/[s(Js+B,)]. In the design of
controller, it can be assumed that the internal model is
accurate, i.e. Gu(s)=G,(s) [32].

s(Js+B,)

Fig. 4. Block diagram of the RPTC controller based on the internal model
method.

Because G (s) is already the minimum phase system,
Guc(s) is found as G,,,..(s) = G, (s)F(s) [28], [32]. F(s) is
a filter.

So, in Fig. 4, Grpre(s) for the RPTC controller designed
by the internal mode method is given as follows (5):

(5) = (JS+B )F(s)
Grerc K, [1 F(S)]

In (5), only F(s) is unknown, which plays an important

role in the control performance of Grprc(s). The detailed

design of the RPTC controller from the perspective of F(s)
is given in the following section.

®)

IV. DESIGN OF RPTC CONTROLLER

A. Structure Design of F(s) in the RPTC Controller
According to (5), the closed-loop transfer function in Fig.

4 can be derived:

O(s) = F(s)0"(s)— %

T

It is apparent from (6) that F(s) determines the tracking
performance of the plant on the position trajectory and the
anti-disturbance performance.

F(s) usually takes the transfer function structure of
1/(As+1)",
order, respectively. In order to analyze the satisfaction of
this kind of structure for (3) and (4), (7) and (8) can be
obtained by transforming (6).

1 .F —0 O

(As+1)" | s

1
(As+ 1)1 } o

However, (8) shows that the commonly used low pass
filter structure tracks the real-time position trajectory with
dynamic errors. In other words, it cannot satisfy (4).

Thus, this paper selects another structure to satisfy (3)
and (4) simultaneously, and it is given as follows:

——[1-F()]T,(5) (6)

where, A and r are the time constant and the

lims[ 0, (s)-0(s) | = 133)1{1 -

liirols[g*(s) - e(s)]‘ = 1&1{}{[1

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

IEEE/ASME Transactions on Mechatronics

§)= rAs+1 ©
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F(s) in (9) can conduct the tracking of position trajectory
without dynamic errors, which can be proved by (10).

~

e
lim 5[ 6" (5)- 0(5) | =lims| | 1- 2512 _g (1)
0 0 (As+1) s
From the above analysis, it can be seen that if the
structure (9) is selected, the RPTC controller can achieve
the smooth tracking of the position trajectory in theory, and
then stabilize the speed. However, in F(s), there are two
parameters, the order » and the time constant A4, which need
to be considered carefully. This is analyzed below.

B. Determining of the Order r in F(s)

Although the structure of F{(s) can satisfy the tracking of
position trajectory, the order r still needs to be optimally
designed from the perspective of anti-disturbance
performance. Sgpre(s) given in following (11), which can be
called a sensitivity function, is the transfer function between
the disturbance and output in the paper [24], [33]. The
magnitude-frequency characteristic of Sgprc(s) is drawn
when r =2, 3, 4, as shown in Fig. 5.

S (s)= o(s)(Js+B,) (As+1) —(rAs+1)
RICEZT sy (As+1)

(11)

Direction of
enhanced
capability

— =2 |]

— =3 1

— r=4 |
10° 10° 10*

Frequency(Hz)

Fig. 5. The magnitude-frequency characteristic of Sgprc(s) with different

for anti-disturbance capability comparison.

10° 10!

Equation (11) and Fig. 5 show the extent of speed
fluctuation caused by periodic disturbances at different
frequencies. The curves below 0dB indicate that the
controller has the ability to reject disturbances. And at the
same frequency, the smaller the value of ordinate is, the
stronger the rejection ability will be. From Fig. 5, with the
increase of r, the anti-disturbance capability is gradually
weakened, and the speed fluctuation may increase in a
certain frequency band when =3 and 4. So, in this paper,
=2 is selected to improve the anti-disturbance performance.

C. Design of the Time Constant A in F(s)

In addition, there is another adjustable parameter, namely
the time constant A in (9), that needs to be designed. Its
selection is a range where the lower bound is determined by
robust stability and the upper bound is determined by
anti-disturbance capability.

(1) Lower bound of

According to the robust stability condition, i.e.
|AGwp)F(jwy)||«<1, derived from robust stability principle
[24], [28], [34], in this paper, the lower bound of A can be
determined by (12), which means that 1 in this range can
still make the system stable even if uncertain factors in the
actual plant are considered.
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4
O IE————
- ”A(Ja’.f)w ' (12)
G (jo)e T =G (jo,) e
A(]a)f)= P S G(]a)) P I’ ((J/)_l
P f

A(jwy) in (12) is an expression containing uncertain
factor (considered as a delay in the paper) [35], [36], where,
oy is circular frequency; 7; is the delay time which is
caused by modulation, sampling, etc. This paper takes 7, as
0.075T.. To clearly illustrate the satisfaction for (12) on
different 4, the magnitude-frequency characteristic of F(jwy)
and 1/||A(jowy)||~ are drawn in Fig. 6.

Combing Fig. 6 with (12), 1/||A(jw))||- is equivalent to
the threshold line, which means that, the curve of F(jw))
must be below it to ensure robust stability of the RPTC
controller. Hence, it can be seen from Fig. 6 that 1=0.27, is
the lower bound in this paper. And as 1 gets larger, the
margin of robust stability increases gradually.

300 T

2500 — %jg-;; S UAGepL.
5200 — =T,
as) — A=2T,
:g 150 Below this line: stable
B 1001
ED 50
=] ——

qoobs i IRgepl; T

107 10° 10*
Frequency(Hz)

Fig. 6. The magnitude-frequency characteristic of ||F(jw,)|l.with different 1
and 1/||A(jwf)||l. on the robust stability condition.
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50 :

o ~ PIcontrol _—;}__= Akt
strategy LT -
@ -5 ‘\_,-;f«“‘:f’/ 1
2 s = ’,/_,.-f
T -100F = =777 e e o 1
'5 eSSk Direction of
= -150 = < enhanced 1
80 200 _’,/ 4 capability
= RPTC
-250F strategy |
R T e o T
102 10" 10" 10! 10° 10° 10 10°
Frequency(Hz)
(2)
100 T T T I
80+ r:’ . PI control : %i%ZT al
i "y strategy —_ XZZAT(
—~ 60F - Y Direction of
S 1 - enhanced
3 40 H RPTC ohe capability
< ] strategy ..
§ 20 ! Sl
o e o ao
-20 ; * * - > - - - * * ’
-0.005 0 0.005 0.01 0.0150.02 0.025 0.03 0.035 0.04 0.045 0.05
Time(s)
(®)

Fig. 7. The analysis for anti-disturbance capability comparison of the
RPTC strategy with different 4 and PI control strategy. (a) The
magnitude-frequency characteristic for periodic disturbance. (b) The
gain-time characteristic for non-periodic disturbance.

The anti-disturbance capability is used to determine the
upper bound of A. Therefore, in this paper, the rejection
capability of period and non-periodic disturbances in
different 1 is compared by the magnitude-frequency
characteristics of (13) and (14) in Fig. 7, respectively. In
(14), Drprc(s) is the load sensitivity function, which can
analyze the gain relationship between the torque
disturbance and speed fluctuation generated by it for RPTC
strategy in the paper.
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a(s)(Js+B,) A2s?

T(s)  (As+1)
a(s) TS+ A%s
~T,(s) (Js+B )t A’s’ +A°s> +2As+1)

In Fig. 7 (a), the lower the ordinate is, the stronger the
capability to reject periodic disturbances will be. Fig. 7 (b)
shows that the value of the speed fluctuation caused by the
unit step-type non-periodic disturbance and steady state
recovery time. From Fig. 7, with the increase of A, the
anti-disturbance capability is weakened. Thus, 27 is used
as the upper bound to ensure sufficient anti-disturbance
performance. Moreover, even if A is selected as 27, the
anti-disturbance capability of RPTC strategy is still much
better than that of PI control strategy.

According to the above analysis, in this paper, the range
of A can be obtained, as shown in (15).

Ze0.2r, 21] (15)

But the specific determination of A should be further
conducted according to the actual operating conditions.

Sgerc(s) = (13)

Dipre(s)= (14)

V. SIMULATION RESULTS AND ANALYSIS

To evaluate the performance of proposed RPTC strategy,
a simulation model for a prototype of DD-PMSM servo
system is built. The relevant parameters are given in Table I.

It should be pointed out that, in this paper, a prototype
with large cogging torque for aerospace application is
selected, and its cogging torque is about 70% (The
amplitude is 35mNm) of the rated torque (SOmNm) (This
large cogging torque is used to remove the electromagnetic
brake of the motor).
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TABLEI
MAIN PARAMETERS OF THE PROTOTYPE AND TORQUE DISTURBANCES
Parameters Value
Rate voltage 24V
Rate current 0.35A
Rate speed 1100r/min
Stator winding resistance 11.5Q
Stator inductance 4.78mH
Number of pole pairs 6
Flux linkage 0.018444Wb
Nominal inertia 1.86kg-mm?>
Viscous friction coefficient 1.1x10°
DC BUS voltage 31V
Speed loop control frequency 2kHz
Switching frequency 20kHz
Load torque (non-periodic disturbance) 50mNm
Cogging torque (periodic disturbance) 35mNm

A. Performance Comparison of Different Parameters for
RPTC Controller

As mentioned above, in this paper, for F(s) in (9), the
selection of two important parameters, namely » and A,
should be further optimized. Because of this, different
values are considered in the RPTC controller to compare its
impact on the speed stability at low speed with different
torque disturbances. The corresponding simulation results
are shown in Fig. 8 and Fig. 9.

From Fig. 8 and Fig. 9, with the decreases of  and 4, the
anti-disturbance capabilities of the RPTC strategy increase
accordingly. However, 1 is not recommended to be too
small, so as to avoid approaching the critical robust
stability point, otherwise when the load is suddenly
changed, it may cause the speed oscillation, as shown in
Fig. 9(a). This is consistent with Fig. 6.

Therefore, it is better to choose /=2 and A=T. for the
RPTC strategy used in the prototype of this paper.
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Fig. 8. Simulation results of the RPTC controller for different » (A=T) at the reference speed of 1r/min both with the cogging torque (70% of rated torque)

and the sudden load (rated torque). (a) » =2. (b) » =3. (¢) r =4.
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Fig. 9. Simulation results of the RPTC controller for different A (+=2) at the reference speed of 1r/min both with the cogging torque (70% of rated torque)
and the sudden load (rated torque). (a) A=0.2T.. (b) A=T.. (c) A=2T..
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B. Anti-disturbance Capability Comparison of Two

Control Methods at Low Speed

(1) Simulink result of Two Control Methods at Low Speed
In order to better verify the effectiveness of the RPTC
strategy for disturbance rejection, it is compared with PI
control strategy. Fig. 10 shows the simulation comparison
results of speed, position, current and torque at the low
speed of 1r/min.
From Fig. 10 (a), for the PI control strategy, the static
speed peak shows a clear periodicity and the speed drop is
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very apparent at the sudden loading moment. While for the
RPTC strategy in Fig.10 (b), both the static speed peak and
speed drop are significantly reduced, and actual rotor
position movement is smoother. In addition, the RPTC
strategy has smaller g-axis current overshoot and
electromagnetic torque overshoot compared to the PI
control strategy at the moment of sudden loading.

Therefore, in the simulation, the disturbance rejection
capability of the RPTC strategy is obviously better than
that of PI control strategy.
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Fig. 10. Simulation results of two different control methods at the reference speed of 1r/min both with the cogging torque (70% of rated torque) and the

sudden load (rated torque). (a) PI control strategy. (b) Proposed RPTC strategy.

(2) Detailed analysis of Two Control Methods for target
PMSM
® P[ control strategy

The reason why the speed fluctuations of PI control

strategy for target PMSM is larger in the paper is that the
speed with errors caused by derivative as a PI controller
input will have an impact on the entire speed control link.
One of the main effects is that the gain of the controller is

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

IEEE/ASME Transactions on Mechatronics

limited to avoid greater speed fluctuations even oscillations.
Therefore, PI control strategy is not effective enough to
reject the torque disturbance for PMSM with the cogging
torque of 70% rated torque in the paper, as seen in Fig. 11.
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Fig. 11. The magnitude-frequency characteristic of the Dp(s) for the target
PMSM under the PI control method.

Fig. 11 shows the magnitude-frequency characteristic of
Dpi(s) (The export method is the same as (14)) for the target
permanent magnet synchronous machine (PMSM). When
target PMSM operates at the low speed of 1r/min, the
change frequency of cogging torque (70% of the rated
torque) is about 0.6 Hz. Under this condition, it can be seen
from Fig. 11 that the corresponding magnitude is about
34.4dB, which means the corresponding speed fluctuation
is about 18r/min. Consequently, for the target PMSM with
large cogging torque, the PI-based speed loop is difficult to
mitigate the effect of the low-frequency cogging torque.
Especially at low speeds, it would cause lager speed ripple,
even creeping problem, as seen in Fig. 10 above.
® Proposed RPTC strategy

Based on Fig. 12, the reason why RPTC strategy has
better torque disturbance rejection performance for target
PMSM can be explained from two aspects.

r

\ Js+B, Pt
} K, A’s il
| " T
Part II ;* i -
w*[1]6% | [5+B] — le vl 1% T, 1 2
s| X | K A% 2/ 20! = s(Js+B,)

Fig. 12. The detailed control block diagram of RPTC method.

First of all, Part II in Fig.12 has a coefficient A compared
to Part I in Fig.12, which is selected as 7. in the paper. And
T. is the speed loop control period, 5x10*s, which is a
relatively small number. Therefore, different from PI
control strategy, the errors caused by the derivative has
little effect on the entire controller, as shown in Fig. 13(a).
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However, it is indispensable and can play the role of weak
damping to prevent speed oscillations in Fig. 14.
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Fig. 13. Simulation result of the RPTC method. (a) g-axis current
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=TJ/K7).
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Fig. 14. Simulation result of the RPTC strategy without Part I in Fig.12.

Speed(r/min)

Then, according to the similarity between i,, in Fig. 13
(a) and T/Krin Fig. 13(b), Part I in Fig. 12 can be regarded
as a good observation for the disturbance torque. Hence,
from the perspective of implementation, it can be
considered as adding a good current compensation link
(Part I in Fig. 12) at the g-axis current reference end of Part
II in Fig. 12.

C. Robustness analysis of parameter changes for RPTC

In order to further verify, the simulation is carried out by
changing a main system parameter related to the controller,
i.e. inertia, as shown in Fig. 15. According to the inertia
change range in [37] and [38], the total inertia is chosen
here to be 4 times of the nominal inertia.

9

7F

5t

Inertia(kg/mm?)

10 12 14 16 18 20

Time(s)
iy T g
2| v
g |4
£ 3[0s3 01>
3,0
[
=9
A sp Reference speed|
—— Measured speed
_90 2 4 6 8 10 12 14 16 18 20
Time(s)
(b)

Fig. 15. Simulation result for variable inertia of the RPTC strategy at the reference speed of 1r/min both with the cogging torque (70% of rated torque) and
the sudden load (rated torque). (a) The total inertia of J. (b) The total inertia of 4J.
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VI. EXPERIMENTAL RESULTS

To further prove the validity of the proposed RPTC
strategy, an experimental prototype is developed, as shown
in Fig. 16. The proposed control method and the current
loop control are implemented in DSP and FPGA,
respectively. The relevant parameters are the same as those
in the simulation.

Fig. 16. Experimental prototype.
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Based on this prototype, some comparative experiments
are carried out. Fig. 17 and Fig. 18 respectively show
experimental results for the proposed RPTC strategy and PI
control strategy at the low speed of 1r/min with the periodic
and non-periodic torque disturbances.

From Fig. 17 (a), for the PI control strategy, large speed
peaks (about 30r/min) appear periodically at the low speed
of 1r/min. Due to the large cogging torque, such speed
peaks cause the creeping problem of the target motor.
While for the RPTC strategy in Fig. 17 (b), speed peaks
(about 5r/min) are significantly reduced and there is almost
no creeping. Moreover, during the process of speed’s
reaching its peak, the decline of g-axis current for the
RPTC strategy is gentler, which is consistent with Fig. 10.

From Fig. 18 (a) and (b), the speed drop of the PI control
and RPTC strategies at the sudden loading moment are
about 33r/min and 4r/min respectively. At this point, the
g-axis current overshoot of the PI control strategy reaches
nearly 0.82A and drops slowly, while the g-axis current of
the RPTC strategy is relatively stable.

In addition, the actual position in the RPTC strategy not
only can closely track the position trajectory, but also its
static and transient fluctuations are much smaller than those
of PI control strategy.
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Fig. 17. Experimental results of two different control methods at the reference speed of 1r/min with the cogging torque (70% of rated torque). (a) PI control

strategy. (b) Proposed RPTC strategy.

It can be seen from the above results that:

(1) The experimental results, simulation results and
theoretical analyses for the RPTC strategy are basically
consistent.

(2) At the low speed of 1r/min, the RPTC strategy has
better static and dynamic speed performance than the PI
control strategy under different torque disturbances (cogging
torque: 70% of rated torque; sudden load: rated torque).

(3) From the correspondence between the position and
speed fluctuations, the RPTC strategy can stabilize the
speed by controlling the rotor track the position trajectory
smoothly at low speed.

(4) From the correspondence between the actual position
and g-axis current, the RPTC strategy can make the
effective compensation through the g-axis current under the
condition of unknown torque disturbance information.
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sudden load (rated torque). (a) PI control strategy. (b) Proposed RPTC strategy.

VII. CONCLUSION

This paper proposes a novel RPTC strategy to stabilize
the speed of a DD-PMSM servo system at low speed with
different torque disturbances. The main idea of this control
strategy is that the speed control can be converted to the
position control as long as the continuous position
trajectory can be smoothly tracked. To achieve this goal,
the position-current two-loop with the RPTC controller is
proposed. In this paper, the RPTC controller is based on the
internal mode method, and its parameters should be
designed and optimized from the perspectives of robust
stability and anti-disturbance capability. Compared with the
PI control strategy, the proposed RPTC strategy has a
significant reduction of speed fluctuation and a better
performance in the presence of periodic and non-periodic
torque disturbances at low speed, especially for the target
motor in this paper with the large cogging torque. What’s
more, it is worth mentioning that this control strategy does
not require precise speed feedback, is insensitive to inertia
variation, and in particular, the specific information of
torque disturbances is also not needed, so it is simple to be
implemented.

Although the proposed RPTC strategy is verified based
on the DSP+FPGA experimental platform built for
aerospace applications, for civil applications, it still has
certain applicability under DSP only.
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