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Abstract: The disc coreless permanent magnet synchronous motor has the advantages of a short
axial size, high power density, and small volume. Due to the coreless structure, its inductance is
very small, which results in a serious current ripple and an unacceptable torque ripple if driven from
a conventional inverter. This can be solved by installing an LC filter between the inverter and the
motor. However, an undesirable resonance phenomenon is induced by the LC filter. In this paper, a
new capacitive current feedback active damping (CCFAD) strategy is proposed. Instead of current
sensors in the capacitor branch, a state observer is introduced to estimate the capacitance current.
The observer is designed with double sliding mode surfaces, which reduces the order of the system.
Compared to conventional capacitive current feedback, no additional current sensors are required,
reducing the system cost. Besides the resonant harmonics, the phase current contains obvious fifth
and seventh harmonics due to the special plane structure of the rotor. The proportional-integral-
resonance (PIR) controller, instead of the traditional PI controller, is designed to suppress lower order
harmonics. The experiment results show that current ripples due to resonance and rotor structure are
suppressed significantly.

Keywords: disc coreless permanent magnet synchronous motor; LC filter; capacitor current feedback
active damping (CCFAD); state observer; proportional-integral-resonance (PIR)

1. Introduction

Disc coreless permanent magnet synchronous motors have attracted much attention in
academia and industry due to their unique disc structure and high efficiency [1]. This motor
gradually shows great potential in its high torque density and small volume, especially in
the key fields such as transportation, and its application value is more prominent [2].

Due to the elimination of the iron core from the stator, the inductance value of stator
winding is extremely small. Therefore, when the motor is fed by the conventional controller,
the motor phase current ripple is very large, which will cause a large electromagnetic
torque ripple. Approaches for current ripple attenuation in small-inductance motors
involve increasing switching frequencies, employing multilevel drive, and utilizing external
filters [3]. The higher switching frequency can be achieved by SiC devices [4]. Nonetheless,
the production process of silicon carbide devices is relatively complex and the cost is
significantly high, so the choice of switching frequency requires a trade-off between ripple
reduction and cost. Another feasible solution is to use a modular multilevel inverter to
suppress the stator current ripple [5]. There is no doubt that multilevel topology means
more switching devices, which greatly increases the volume and price of the driver, and
is not suitable for most applications considering size and economy. Among the available
methods, an LC filter can be also adopted to suppress the current ripple [6]. The LC filter
and motor inductance are combined to form an LCL filter, which has a stronger high-
frequency ripple attenuation ability [7-10]. Figure 1 shows the coreless motor drive system
with an LC filter.

Electronics 2024, 13, 4572. https:/ /doi.org/10.3390/ electronics13224572

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics13224572
https://doi.org/10.3390/electronics13224572
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-4004-6949
https://doi.org/10.3390/electronics13224572
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13224572?type=check_update&version=2

Electronics 2024, 13, 4572

2 of 15

Figure 1. Drive system of the coreless motor with an LC filter.

The LCL filter is a high-order system. When there is no damping, the system will
produce a serious resonance phenomenon, which puts forward higher requirements for
the stability and performance of the system [11]. The two main methods to reduce the
resonance peaks of LCL-type filters are passive damping and active damping. Passive
damping is a common method to enhance the stability of LCL filter systems. For instance,
the resonance problem can be suppressed by using additional resistance in the capacitor
branch. Although the implementation is simple and fast, it will inevitably increase the loss
and reduce the suppression of harmonic components by the filter [12,13].

Active damping solutions are popularly investigated to suppress the resonance phe-
nomenon of the LCL filter. The advantage of this method is that no additional passive
components are required. In [14], an active damping control strategy based on capacitor
current feedback is proposed, but extra current sensors are required. Similarly, an active
damping method based on capacitive voltage feedback is proposed, which is equivalent
to connecting a virtual damping resistor in series with the capacitive branch [15]. A feed-
forward approach suppresses resonance, where the feedforward term is subtracted from
the stator current reference. Nonetheless, the capacitor currents are estimated from the
reference voltages of the inverter; therefore, additional voltage sensors are required [16].
Reducing the control delay time can improve the stability of the LCL filter system, but this
method requires a high sampling frequency, which is difficult to achieve in practical appli-
cations [17]. The design method of the active damping controller in the model predictive
current controller has been studied, but there are many parameters to be designed [18,19].

In the above method, capacitive current damping is an effective and feasible solution.
However, in the motor drive, the current sensor is usually welded on the inverter board.
The traditional method to obtain capacitive current is to install current sensors in the
capacitor branch of the filter or the motor side, but these methods are not conducive to the
modular production of the driver and they increase the cost. To solve this problem, a sliding
mode current observer is designed in this paper based on the mathematical model of the
system. Firstly, the observer is used to estimate the motor current, and then the capacitor
current is obtained by subtracting the motor current from the inverter side current.

In the coreless motor drive system with an LC filter, in addition to the resonant
harmonics induced by the filter, there are also fifth and seventh harmonic currents caused
by the rotor structure design, and inverter nonlinear factors. These lower order harmonics
can also cause torque ripple and an increased power loss [20,21]. The PIR control is an
effective harmonic control strategy, and is free from complicated coordinate systems [22-24].
Nonetheless, the performance of the PIR controller has only been verified in conventional
controllers; none of the research analyzed has been verified in motor drives with LC
filters. The design of PIR controllers needs to simultaneously consider the crossover
frequency, the amplitude gain, and the phase margin. Moreover, the high-order LCL filter
has strict requirements on the accuracy and stability of the PIR controller; especially when
considering the active damping, the reasonable parameter optimization design is required.
Therefore, it is necessary to make a detailed theoretical analysis.

In summary, the phase currents of the coreless motor contain amounts of harmonic
signals that need to be suppressed. To solve these harmonics, a control strategy combining
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proportional-integral-resonance and capacitor current feedback active damping is proposed,
and the PIR+CCFAD controller composed of proportional, integral, resonant, and capacitor
current feedback is designed. The contribution of this article can be concluded as follows:

(1) For resonant harmonics, in order to only measure the inverter side currents, a sliding
mode observer is introduced to estimate the capacitance current. The observer is
designed with double sliding mode surfaces, which reduces the order of the system.

(2) For fifth and seventh harmonics, in order to free them from complicated coordinate
systems, the PIR+CCFAD controller is designed. The transfer function of the PIR
controller in the motor drive system with an LC filter is derived, and the optimal
design of the control parameters is completed by the bode diagram.

The rest of this paper is organized as follows. The mathematical model of the perma-
nent magnet motor system with an LC filter is proposed in Section 2. Then, in Section 3,
the resonance phenomenon of the filter and the proposed observer damping algorithm are
analyzed in detail. In Section 4, the transfer function derivation and stability analysis of
the PIR+CCFAD controller are completed. In Section 5, the experimental results verify the
effectiveness of the proposed control strategy. Finally, a conclusion is drawn in Section 6.

2. Mathematical Model of the Permanent Magnet Synchronous Motor with an LC Filter

The LC filter is installed between the inverter and motor to suppress high-frequency
ripples. The mathematical model of the motor with an LC filter in a stationary coordinate
system is given as [25]

Usa = Ry sy + Ls Lt + ey

{usﬁ = Rsisp + Lsﬁ—sf +esp @
{Lf = v @)

Lyt = uip — isp
{Cf P ®

Cr i = iip — isp
{?w = fia — fa )

icp = lip — isp

where ug, and ug p are the motor voltages, is, and isﬁ are the motor currents, R is the motor
stator resistance, L; is the motor stator inductance, e;, and esp are the motor back EMF,
Ly is the inductance of the LC filter, Cy is the filter capacitance, u;, and u;g are the LC
filter input voltages, i;, and ijp are the LC filter input currents, and ic, and i g are the filter
capacitance currents.

Figure 2 shows the LCL structure consisting of an LC filter and a motor inductor.

i I

YY"\ m_:_
+ Ly i + Ls R
u; c, = U e

Figure 2. Diagram of the base structure of the LCL filter.

The voltage drop caused by the stator resistance and the cross-coupling effect are
regarded as disturbances and can be ignored, and the simplified system transfer function
can be expressed as
is(s) 1
ui(s) B Lf LsCf s3 + (Lf + Ls)s

G(s) = (5)
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Due to the complexity of the cut-off frequency calculation, the resonance frequency is
usually approximated as the filter cut-off frequency when the calculation accuracy is not
required, and the resonance frequency is expressed as

1 [Li+L
fr:?\/Lchs ©)
T\ L LsCy

3. Capacitor Current Feedback Active Damping (CCFAD) Resonant Suppression
3.1. Resonance Analysis

The traditional current loop of the permanent magnet synchronous motor in a syn-
chronous rotating coordinate system is shown in Figure 3, iZ, is the reference current. Taking
the g-axis as an example, the open-loop transfer function of the current loop is

Kp s+ Kl' edeS

= 7
Lf LSCf st + (Lf + LS)Sz @

Gri(s)

where K}, is the proportional gain; K; is the integral gain; and T is the system delay time.

-5 u. 5 . 7
Lyg+ Kp v 5 Tys iq+ 1 Lig+ 1 Zﬁ 1 l,yq=
— s ¢ Lis| = Grs Ls

Figure 3. Block diagram of the PI controller.

Figure 4 shows the bode diagrams of the open-loop transfer function with the PI
controller. The parameters are set to K, = 8, K; = 100, L f = 04mH, C = 10 uF, Ly = 0.1 mH,
and T; = 0.0000625 s. It can be seen that the LCL filter has little effect at a low frequency,
but has a strong ability to suppress ripples in a high-frequency range. However, the LCL
filter has a high resonance peak at the resonance frequency, which means that the system is
only damped a little at the resonance frequency. If this resonant peak is not suppressed,
a small voltage may produce a very large current, which will cause the drive system to
fail to operate normally. Figure 5 shows the bode diagrams of the closed-loop transfer
function with the PI controller. When the coreless motor is operating at 1600 rpm, the sixth
harmonic current frequency is 1920 Hz. The corresponding phase margin is —394°, so the
PI controller does not track the lower harmonic signals well.

500 T T T !
5.6kHz, 390dB
~ 400 [ :
g
E 300 - Resonance
= frequency
2200
s .
100 —0

0 I
0 |
s /
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10° 10! 10 10° 10* 10
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Figure 4. Bode diagram of the open-loop transfer function with the PI controller.
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Figure 5. Bode diagram of the closed-loop transfer function with the PI controller.

3.2. Active Damping

According to the above analysis, the control system with the LC sine wave filter cannot
operate stably when using traditional current loop control. In this paper, the proportional
feedback active damping strategy of capacitive current is adopted. The control block
diagram is shown in Figure 6.

K+ Kl -Z,AV%L’M U [l 1 sy
Ry - L/S X C[S LSS

B

I+

Figure 6. Block diagram of the PI+CCFAD controller.
Where k. is the active damping coefficient and the open-loop transfer function is

_ KPS + K; o TS
Lf LsCf st + k. LSCf e~ TaSs3 4 (Lf + LS)SZ

Gprc(s) (8)

Figure 7 shows the bode diagrams of the open-loop transfer function with the PI+CCFAD
controller. The parameters are set to K, = 8, K; =100, L ¢ =04mH, C; =10 puE Ls =0.1 mH,
T; = 0.0000625 s, and k¢ = 20. It can be seen that the resonant peak is effectively suppressed.
With the increase in feedback coefficient k., the resonant peak decreases gradually. Therefore,
the stable operation of the system is ensured by selecting the appropriate active damping
coefficient. Figure 8 shows the bode diagrams of the closed-loop transfer function with the
PI+CCFAD controller. The corresponding phase margin is —39° in the sixth harmonic current
frequency, so the PI+CCFAD controller does not track the lower harmonic signals well.

3.3. State Observer Active Damping

The most direct way to obtain the capacitive current is to install a current sensor in
the capacitive branch of the LC filter, but this method is not conducive to the modular
production of filters. To solve this problem, the LC filter and motor can be regarded as
a whole structure, and an efficient state observer is designed to estimate the capacitive
current. The motor current output by the observer is used for the closed-loop control. Then,
the capacitor current is obtained by subtracting the motor current from the inverter side
current, and is used for resonance suppression. The block diagram of the proposed state
observer is shown in Figure 9.
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Figure 7. Bode diagram of the open-loop transfer function with the PI+CCFAD controller.
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Figure 8. Bode diagram of the closed-loop transfer function with the PI+CCFAD controller.
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The LC filter and motor are regarded as a whole, and the system mathematical model
can be rewritten as a state equation:

digy 1., 1

Tlfc = ff”zzx Ly Usy

di;

a = ;i — T lsp

e = Ly — i

dt - Cf n Cf SK (9)
dug 1. 1 .

ab = c;lip — isp

di. ! / 1

1g _ _ Rgs _ 1
ﬁ = T, Usa Lss Lsw — T, Csu
g 1 R ; 1
T T L Usp T T T TS0

The state space model can be described as follows:

dx _
{ ¥ = Ax+ Bu (10)

y=Cx

where A, B, and C are the system matrix; x is the state vector; u is the input vector; and v is
the output vector.
The state vector of the control system is defined as

X = (ii,x ii/ﬂ Usp Usp isa isﬁ)T (11)

The input vector is defined as

u= (uia Lll'/g)T (12)
The output vector is defined as
y = (iyy iip)" (13)
The system matrix is
[0 0 i 0 0
0 0 0 —%f 0
1 1
& 0 0 0 -4+ 0
A=| S 7 S (14)
o & o0 0 0 -4
f f
o 0 £ 0o -F o0
Lo 0o 0o £ 0o P
A0 0000 ! s
|0 Lif 0000 (15)
100000
C_[o10000} (16)

The sliding mode observer has the advantages of a fast response and strong robustness,
and it is mathematically expressed as [26]

dx

Fri A%+ Bu + Lsgn(7 — y) (17)

where £ denotes the estimated state vector. The observer gain matrix L and sign function
are denoted as .
L 0 b 0 00

L:01101200

(18)
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where /1 and [; are the sliding mode gains.

L is a constant matrix. It determines the dynamic performance of the observer. Ac-
cording to the pole configuration method, the observer pole should be located to the left of
the subsystem pole. On this basis, the closer the observer pole is to the imaginary axis, the
more robust it is, but the worse the transient response is; similarly, the farther the observer
pole is from the imaginary axis, the faster the transient response is, and, at the same time,
the worse the stability is. Therefore, the choice of L must be a trade-off. In general, the
poles are chosen to be 4—6-times the poles of the system.

In order to reduce chattering, which is a drawback of the sliding mode observer,
segmented power functions are chosen in this paper.

1 (>0
_ ) /P 0<i<0
p(é)_ _g2/0.2 —U<§<0 (19)
-1 (< —0o
where  is the observed variable error and ¢ denotes a positive boundary layer.
The observation equation can be expressed as
déia ~ 2 .
;jt = L%,”ioc - %fusa +1 (li,x - lia)
d;,‘/j 1 1 A ~ .
ar = 1;tip 1t (i —iip) 20)
dZ?X = Cifiioc - Cifisa + lz(ﬁs,x - ”sa)
dusﬁ o 1

T = Cffi,'/g — %fisﬁ + lz(ﬁsﬂ — usﬁ)
Then, the error state equation of the system can be concluded as (21) by subtracting

(9) from (20)

% = — 1 (g — usa) + Iy — i)

Z(ljﬁdtliﬁ) — _Lif(ﬁsﬁ usg) + ll(fi/} — iip) (21)
Whsrtin) — — L (i, — isa) + ol — tsa)

W — _Cif(fsﬁ isp) + 12(gg — 1sp)

The design sliding mode control law is

Usy =11 P(lii,x - iitx) (22)
usp =l plizg — iip)

{ l:sa =l p(flg, — Usa) (23)
isp = Lo p(ilgg — usp)

From (22) and (23), the double sliding mode surfaces are designed to reduce the order
of the system. When the state variable of the observer is stably tracking on the sliding
surface, the dynamic behavior of the observer will continue to operate on the sliding surface
according to the equivalent control theory of the sliding mode control. In this case, the
control input applied to the system can be regarded as an equivalent control variable.

4. Harmonic Suppression with the PIR Controller

The coreless motor phase current also contains obvious fifth and seventh harmonics
due to limited rotor optimization, and nonlinearity of the inverter. The PIR controller is
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adopted to solve this problem. The closed-loop current control’s structure after using the
PIR controller is shown in Figure 10.
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Figure 10. Block diagram of the PIR+CCFAD controller.

The transfer function of the PIR controller is expressed in (24). Where K, is the PIR
controller resonant gain, w, is the PIR controller resonant bandwidth, and wy is the PIR
controller resonant frequency. The corresponding open-loop transfer function of the system
is derived as

Kp 5° + (2Kp we + K + 2Ky we)s” + (K, wf +2K; we)s + Kiw] e 145 (25)

Gpr c(s) =
PIR_ (s) s(s2+2wc5+w%)(Lf Lq Cf s3 + k. L Cf e~ Td552+(Lf+Ls)S)

The proportional gain K, determines the dynamic response of the system, which
needs to be considered according to the current loop bandwidth; K; is independent of
harmonic suppression. When the motor speed fluctuation is large, an increase in the
resonant bandwidth w, will help to enhance the current harmonic suppression effect, but
too large an increase in the resonant bandwidth w, will lead to poor frequency selectivity.
The resonance gain K; is the most vital factor for the PIR controller to suppress harmonic
currents. The larger K; is, the better the suppression effect is, but too large a resonance gain
in K; will lead to system instability. In this paper, the control parameters are set to K, = 8,
K; =100, Ky =200, wc =15, Ly = 0.4 mH, Cy = 10 uE, Ls = 0.1 mH, T, = 0.0000625 s, and
ke =20.

When the coreless motor is operating at 1600 rpm, the sixth harmonic current wy
in the dqg-axis is 38407t rad /s and the PIR controller resonant frequency is 1920 Hz. The
bode diagrams of the open-loop transfer function with the PIR controller are shown in
Figure 11. It can be seen that the crossover frequency is 3270 Hz, and the corresponding
phase margin is 55°. For the 1920 Hz input signal, the open-loop gain of the PIR controller
is 32.5 dB, which is enough to eliminate the steady-state error. The bode diagrams of the
closed-loop transfer function with the PIR controller are shown in Figure 12. It can be seen
that the amplitude response at the PIR controller resonance frequency is —1.1 dB and the
corresponding phase margin is —0.25°. The phase difference between the input signal and
the output signal is close to 0°, so the PIR controller suppresses the harmonics current very
well. Meanwhile, it can be seen that the active damping is still effective in suppressing the
resonance peak at the resonance frequency of the LCL filter.
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Figure 11. Bode diagram of the open-loop transfer function with the PIR+CCFAD controller.
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Figure 12. Bode diagram of the closed-loop transfer function with the PIR+CCFAD controller.

5. Experimental Verification

In order to verify the effectiveness of the control strategy based on the combination of
proportional-integral-resonance and capacitor current damping proposed in this paper, a
control platform is constructed, as shown in Figure 13. The coreless motor is driven by an
insulated-gate bipolar transistor (IGBT) module. Harmonic current suppression strategies
are implemented in the TMS320F28335D DSP. The switching frequency and sampling
frequency are set to 16 kHz. The DC voltage is 311 V, and motor drive system parameters
are listed in Table 1.

Table 1. Parameters of the coreless motor drive system.

Parameters Value
Rated speed 3000 rpm
Rated torque 24 Nm

Stator inductance 0.1 mH
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Table 1. Cont.

Parameters Value
Stator resistance 0.3 0
Pole pairs 12
Rotor flux linkage 0.07873 Wb
Rated voltage 350V
Rated current 135 A
Ly 0.4 mH
Cr 10 uF

Figure 13. Experimental platform for the coreless motor drive system.

5.1. Feasibility Experiment

Figures 14 and 15 shows the experimental waveforms and the FFT analysis results
of phase currents corresponding to three control controllers when the speed is 800 rpm
and the load torque is set to 12 Nm. As shown in Figure 14a, when active damping is not
applied, the phase currents appear as an obvious oscillation phenomenon. According to the
FFT analysis in Figure 15a, the THD is 18.68%. The maximum harmonic near the resonant
frequency of the filter is 3.68% of the fundamental component, and the fifth and seventh
harmonic currents are 7.86% and 2.14% of the fundamental component.

Tek prevu — Noise Filter Off Tek Prevu — Noise Filter Off Tek Prevy — Noise Filter Off

10A/div

4ms/d,iv\§/

;4mfs/di_v

: 0 :
(i 100V J(.00ms J&® o000 627407kH[18:51:47 1.00¥ J(a.00ms J(a.00ms J@® o000y <10Hf144418 )

@ (b) - ©

Figure 14. Experimental waveforms of the phase current under three different controllers with a
speed of 800 rpm and a load torque of 12 Nm: (a) PL; (b) PI+CCFAD; (c) PIR+CCFAD.

As shown in Figure 14b, the phase current oscillation phenomenon disappears after
the active damping is applied. According to the FFT analysis in Figure 15b, the THD
is 14.68%. The maximum harmonic near the resonant frequency of the filter decreases
from 3.68% to 1.08%, and the fifth and seventh harmonic currents are 7.96% and 2.61%.
Obviously, using the active damping strategy can suppress resonance harmonics effectively.

As shown in Figure 14c, the current waveform is significantly improved due to the
adoption of the PIR controller. According to the FFT analysis in Figure 15¢, the THD is
10.96%. The maximum harmonic near the resonant frequency of the filter increases from
1.08% to 1.13%. The adoption of the PIR controller has no significant effect on the active
damping. The fifth harmonic decreases from 7.96% to 1.3%, and the seventh harmonic
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decreases from 2.61% to 0.88%. It can be seen that the fifth and seventh harmonics can be
effectively suppressed by using the PIR controller.

Fundamental (160Hz) =0.9733 , THD=18.68% Fundamental (160Hz) = 0.9141 , THD=14.68% Fundamental (160Hz) =1.031, THD=10.96%
g8 5th,7.86% =87 | & 5th7.96% =5l
£ £ £ 5th,1.30%
g° 7th,2.14% 56 § 4y
g r,3.68% E 7th,2.61% ER
£ Ve £ 4 = 7th,0.88%
2 < f1,1.08% 2 2f f,1.13%
0 0 0
0 2000 4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000
Frequency (Hz) Frequency (Hz) Frequency (Hz)
(@) (b) (c)
Figure 15. THD analysis of the phase current under three different controllers with a speed of 800 rpm
and a load torque of 12 Nm: (a) PI; (b) PI+CCFAD; (c) PIR+CCFAD.
Similarly, Figures 16 and 17 show the experimental results when the speed is 1600 rpm.
When the active damping strategy is not adopted, the THD is 27.13%. The maximum
harmonic near the resonant frequency of the filter is 10.26%, and the fifth and seventh
harmonic currents are 13.13% and 5.82%.
Tek Prevy - Noise Filter Off Tek prevu - Noise Filter Off Tek Previu ' Noise Filter Off
10A/div i 10A/div : O LoAMdiv
H ; ’~-‘\ P E o : 1 ; :
A AN IS
[0 TR S TP S I T L IR P W A EE iAo [REVERE RN CERANERT AR RL NS B NN N T N A
_ 2ms/div ' i 2ms/div S P 2ms/div
@ ]@ﬂr‘ns . ] 7000Y 3.62513kH] 1;:22:35 I Je00ms : ] 7000V 737.089 n:|1;:5|24 [ : )2.00ms : ]_6 7000V <10 Hef17:56:39
@) (b) (©)

Figure 16. Experimental waveforms of the phase current under three different controllers with a
speed of 1600 rpm and a load torque of 12 Nm: (a) PL (b) PI+CCFAD; (c) PIR+CCFAD.
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Figure 17. THD analysis of the phase current under three different controllers with a speed of
1600 rpm and a load torque of 12 Nm: (a) PI; (b) PI+CCFAD; (c) PIR+CCFAD.

When Figure 17a is compared with Figure 15a, the content of the fifth and seventh
harmonics increased significantly, which is due to the decrease in the carrier ratio as the
speed increases, resulting in a decrease in the control performance.

After the active damping strategy is adopted, the THD decreases from 27.13% to
17.37%. The maximum harmonic near the resonant frequency of the filter decreases from
10.26% to 0.71%. After the PIR controller is adopted, the THD decreases from 17.37% to
14.82%. The fifth harmonic decreases from 10.70% to 5.61%, and the seventh harmonic
decreases from 2.87% to 1.69%. Therefore, the proposed control strategy can be adapted to
a wide speed range.
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Notably, after the PIR+CCFAD controller is adopted, the current THD decreases
from 27.13% to 14.82%, which contributes to a significant reduction in power losses and
an improved motor efficiency and stability. The results of the feasibility experiment are
summarized in Table 2.

Table 2. Summary of feasibility experiments.

Speed (rpm) Torque (Nm) THD (%)
PI 800 12 18.68
PI+CCFAD 800 12 14.68
PIR+CCFAD 800 12 10.96
PI 1600 12 27.13
PI+CCFAD 1600 12 17.37
PIR+CCFAD 1600 12 14.82

5.2. Performances Verified Under Different Filter Parameters

Figures 18 and 19 show the experimental results of the proposed PIR+CCFAD con-
troller under different filter parameters. Figure 18a shows the experimental waveform after
the filter capacitance is reduced from 10 pF to 4.7 uF. Comparing Figure 19a with Figure 15c,
due to the reduction in filter capacitance, the cut-off frequency increases, and the current
THD value increases from 10.96% to 11.27%, but it is still at a good level.

Tek Prevy . § g Noise Filter Off Tek Prevy § . § Noise Filter Off Tek Prevu . § . MNoise Filter Off
F o 10A/div : 10A/div 10A/div
RAVAS \/\/’ N "\,'/"%“ """" NSNS \/ AVE
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Figure 18. Experimental waveforms of the phase current under three different filter parameters
with a speed of 800 rpm and a load torque of 12 Nm: (a) Lf =04 mH, Cf =4.7 uF; (b) Lf =0.8 mH,
Cr=47uF (c) Ly=0.8mH, Cf =10 uF

Fundamental (160Hz) =0.9931, THD=10.46% Fundamental (160Hz) = 0.9942 , THD=9.58%
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Figure 19. THD analysis of the phase current under three different filter parameters with a speed
of 800 rpm and a load torque of 12 Nm: (a) Lf =0.4 mH, Cf =4.7 uF; (b) Lf =0.8mH, Cf =4.7 uF;
(©) Ly =0.8 mH, Cf = 10 uF.

Figure 18b shows the experimental waveform with a filter inductance of 0.8mH and
filter capacitance of 4.7 uF. Figure 18c shows the experimental waveform with a filter
inductance of 0.8mH and filter capacitance of 10 pF. Compared with Figure 19a, the THD
value of the current waveform in Figure 19b,c further decreases with the increase in filter
inductance or filter capacitance. Therefore, the proposed control strategy can be adapted to
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a wide range of LC filter parameters. The experimental results of different filter parameters
are summarized in Table 3.

Table 3. Summary of different filter parameters” experiments.

Ly Cr Speed (rpm) Torque (Nm) THD (%)
0.4 mH 4.7 uF 800 12 11.27
0.4 mH 10 uF 800 12 10.96
0.8 mH 4.7 uF 800 12 10.46
0.8 mH 10 pF 800 12 9.58

6. Conclusions

In view of the resonance problem caused by the LC filter, an active damping control
strategy based on a state observer is studied. Firstly, the causes of the resonance phe-
nomenon are analyzed based on the mathematical model. The capacitive current feedback
active damping is used to suppress the resonance phenomenon. In order to avoid adding
additional current sensors, a new capacitive current feedback damping strategy is proposed,
which estimates the capacitive current by introducing a state observer instead of the current
sensor in the capacitive branch. The observer adopts the double sliding mode surface
design, which effectively reduces the order of the system. In order to suppress the fifth
and seventh harmonics at the same time, combined with the PIR controller, the overall
performance of the coreless motor was further improved. The experimental results show
that the designed PIR+CCFAD controller has a good control performance in the coreless
motor control system. This will promote the application of the coreless motor in the field of
transport, where the advantages of a small size and high efficiency are realized.
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