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Letters

A General Single-Sensor Damping Framework for LCL-Equipped
High-Speed PMSM Drives

Yu Yao “, Yunkai Huang“”, Fei Peng

Abstraci—This letter proposes a general single-sensor
active damping framework for LCL-equipped high-speed
permanent magnet synchronous machines. By the pro-
posed method, arbitrary damping assignment and stability
for the LCL resonance within the Nyquist frequency are
achieved with only the inverter-current feedback or motor-
current feedback. Moreover, the simplified analytical ex-
pression between the physical parameters and the damping
performance enables automatic tuning for different drive
systems.

Index Terms—General single-sensor resonance damp-
ing, HSPMSM, LCL filter, wide stable region.

|. INTRODUCTION

IGH-SPEED surface-mounted permanent magnet syn-
H chronous machines (HSPMSMs) are widely used in in-
dustrial applications because of their high power density and
high efficiency [1]. For HSPMSM drives, an LC or LCL output
filter is often added to eliminate the excessive dv/dt voltage,
additional losses in the motor resulting from current harmonics,
and high-frequency electromagnetic noise in the motor cable.
However, the LCL circuit introduces a resonance peak and it
may damage the stability of the current control loop.

Some active damping (AD) strategies are developed effec-
tively to deal with this LCL resonance problem. Based on the
damping principle, they can be classified into the following
categories: filter-based methods, partial-state feedback (PSF)
method, full-state feedback control (FSFC) methods, observer-
based FSFC (OFSFC), and equivalent FSFC (EFSFC) methods.
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In filter-based methods, the notch filter [2] is commonly used to
provide the additional phase lead or phase lag. In PSF methods,
the AD effect is induced by the partial state feedback, including
the proportional capacitor current feedback [3], the filtered
capacitor current feedback [4], the filtered capacitor voltage
feedback [5], the high-pass grid-current feedback [6], and the
inverter-current feedback [7]. Among filter-based methods and
PSF methods, the resonance damping ratio cannot be freely
designed and the stability is usually restricted by the location
of the LCL resonance due to the digital computation delay. To
achieve a strong resonance damping, FSFC methods are devel-
oped with arbitrary pole placement [8], and, thus the damping
ratio is freely selected by users at any resonance frequency,
but it requires the measurement of all the states. To reduce
the number of sensors, the OFSFC methods [9]-[11] are de-
signed by introducing a high-order model-based state observer
(three orders in the stationary coordinate while six orders in
the synchronous coordinate). Clearly, it sharply increases the
computational complication and relies on the accuracy of the
system parameters. To eliminate the state-observer, in [12], the
equivalent feedback is proposed based on the filtering of the
control action and in that way, the single-sensor EFSFCC is
achieved with arbitrary pole assignment, but it requires the
calculation of the state-feedback gain matrix for an extended
high-order drive system (at least 6). Furthermore, the analytical
expression of the feedback-gain matrix between the physical
system parameters and the damping effect is very complicated,
and thus it brings many difficulties for microcontrollers to auto-
matically calculate the gain matrix with respect to different drive
systems.

To address these issues, this letter proposes a general single-
sensor AD framework for LCL-equipped HSPMSMs in the
synchronous coordinate, which has the following advantages
as:

1) effective for the inverter-current feedback (ICF) and
motor-current feedback (MCF) drive system;

2) single-sensor synchronous AD strategy for motor drives;

3) simplified analytical expression between the physical pa-
rameters and the damping performance, which enables
automatic tuning for different drive systems;

4) arbitrary damping assignment and stability for the LCL
resonance within the Nyquist frequency.
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See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on February 08,2023 at 07:39:54 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-7008-552X
https://orcid.org/0000-0003-3569-7752
https://orcid.org/0000-0001-6546-0313
https://orcid.org/0000-0003-2214-1472
https://orcid.org/0000-0001-8811-6873
mailto:yuyao@seu.edu.cn
mailto:huangyk@seu.edu.cn
mailto:pengfei@seu.edu.cn
mailto:j.dong-4@tudelft.nl
mailto:zhu_zichong@njtech.edu.cn
https://doi.org/10.1109/TIE.2022.3186342

5376

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 70, NO. 5, MAY 2023

LCL Filter

-———-0 dq
ignal Selection _ 0
/\/- abc Proposed Speed
dq Current Control Control n

Fig. 1. General control structure of single-sensor HSPMSMs drive
system equipped with LCL filter.

Il. GENERAL DISCRETE-TIME MODEL

Fig. 1 shows the general control structure of the LCL-equipped
HSPMSM drives. Without loss of generality, the measured state
can be the inverter current or the motor current. According to [3],
[13], the discrete-time transfer function of the inverter current
can be obtained as

i]s(Z) T

G’il = =
A VA ASTEY
Lo sin(wyesT) z—1
+
Li+ Ly wpesDy 22 — 2z c08 (wresT) + 1
(1
and
izs(Z) T
GiQ = =
& =y T TTh oD
i resT -1
sin (wyesT) z )

- Wres (Ll + L2) 22 — 2z cos (wmsT) +1

where wyes = 27 fres = \/(Ll + Lo)/(L1L2C) is the natural
resonant frequency, L; is the inverter-side inductance, Lo =
Loy, + L, Lo, is the motor-side inductance, L, is the motor
inductance, C' refers to the filtered capacitor, 415 = 914 + ji15
is the inverter current, and i>5 = 72, + jiog denotes the motor
current. V, = V,, + jVp denotes the output voltage. T' is the
sampling period.

To represent the transfer function in the synchronous co-
ordinate, the general discrete-time model of LCL-equipped
HSPMSM drives as

in(z) _ 1 gue2e¥eT 4 gozenT 4 g,

G - P : . ,
r(2) Vi(z)  z28e309eT — g322e2iwel  ggzeiweT — ]
3)

where i, = i1 24 + ji1,24 is the inverter-current or motor-
current complex vector. V. = Vi + jV,. w. = 27 f, is the fun-
damental angular frequency. Besides, g1, g2, g3, and pup are
defined as

g2 = —2 iz + 1 €05 (WresT))
pr =T/(L1 + Lo). @)

g1 = (1 + p2)
g3 = (2c08 (wresT) + 1)

Motor-Current
Controller

bz+b, |
Nty B

Fig. 2. Structure of the proposed general single-sensor AD method.

For the ICF system, po is defined as
Lo sin(wresT)

P— 5
He2 Ll + L2 wT'esLl ( )
and for the MCF system, p5 is defined as
1 sin (wyes T’
Ho = ( )~ (6)

Ly + Lo

wT‘eS

Considering the digital delay, the synchronous discrete-time
model of LCL-equipped HSPMSM is derived as [14]

Gp(z) = ir(2)

_ 1
= Thy = G, (2) 7

where V)’ represents the complex voltage reference.

[ll. PROPOSED GENERAL SINGLE-SENSOR AD METHOD

Fig. 2 demonstrates the overall structure of the proposed
general single-sensor AD method. The proposed current control
law consists of the current controller and the AD part, which can
be expressed as

Gol2)(ir — i) + Gy (2)Vi(2) + Gul2)ir(2) ®)

current controller AD

Vi(z) =

where i is the current reference. G.(z), Gy (z), and G;(z)
denote the current controller, the output voltage AD controller,
and the current AD controller, respectively. More details of the
motor-current controller can be found in [14], which is given in
(9). This letter will focus on the design and analysis of the AD
control method

Vi(z) zeiweT — e 23T gz 4 b
CB) = ey =i - =1 -1 O

7/*

where a and b are control coefficients.

A. AD Controller Design

The output voltage AD controller and the current AD con-
troller are designed as

b1z + ba
2) =

= (10)
Y12+ 72

Gv(z) _ a1z + ag
Y12+ 72

where 1, V2, a1, asz, b1, and by are AD coefficients. v; and 72
are real values while the rest are complex values.
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Based on Fig. 2, the transfer function from the output of G.(z)
to the measured current ¢, can be calculated as

_i(2) _ P(2)
Gdamp(z) - VC*(Z) - Q(Z)
271G, (2)

T 121Gy (2) — 2 LG (2)Gi(2) (1n

where G gamp(2) denotes the internal damped transfer function.
Substituting (3) and (10) into (11), it leads to

(02 + 1) N(2) )
(z(mz+12) — (a12 + a2)) D(2) — (b1z + ba) N(2)
where N (z) and D(z) are defined as
N(2) = 122657 4 gozeiT 4 g,
D(z) = 23e3%eT — gap2e2wel 4 gazedweT — 1. (13)
Expanding Q(z), it can be derived as
Q(2) =a52® + gzt + 32 + w2 + a1z +ap (14)
where «; (1 = 0,1, 2,3,4,5) is defined as
a5 = 7163jweT
ay = (72 — ar) €997 — 4y gge? e
a3 = 7193€jweT — (72 —a1) 93623'%7“
— apeBieeT _ ) g 2T
az = (y2 — a1) g3&/" — 71 + aggze™ e
— bigoe? T — byg e
a1 =ay — Y2 — azg3e’ " — bigy — bagae?eT
ap = az — bagy. (15)

To achieve AD, Q(z) should be well modified to eliminate
the resonant poles. Therefore, the desired ()(z) is introduced as

Q=) = (nz+7) 22T — 1)
X (2262j“€T — 226797 cos (WresT') + 6) (16)
where @W,es = 27 f,., denotes the desired resonance angular
frequency. ¢ is positive damping constant. Clearly, when § <

1, the eigenvalues of @(z) are located within the unit circle.
Expanding (16), it can be derived as

Q(z) = Bs2® + Bazt + Baz® + Baz? + Brz + Bo
where these coefficients 3; (i = 0, 1, 2, 3,4, 5) are defined as

a7

Bs = ye¥ e

Ba = (’)’2ejweT — 1 — 271 €08 (wreST» e

By = y10e7%T — 2 (yae?*e T — 1) €T cos (WyesT)
— 2T

Phase(deg) Magnitude(dB)

Phase(deg) Magnitude(dB)

10 10° 10
Frequency(Hz)

10? 10° 10
Frequency(Hz)

(@) (b)

Fig. 3. Bode diagram of the damped model Gyqmp(2) With fo =
1000 Hz, f,.. = 4500 Hz, f,.s = 5400 Hz, and § = 0.8.

Be = (126" T — 71) & + 27277 o8 (@yesT)
Pi= —20
Bo = 0. (18)

To make Q(z2) = Q(2), a; = B; (i =0,1,2,3,4,5) should
be satisfied and it leads to
a1 = 271 (€08 (WyesT) — oS (WresT)) e JweT
az = bagy
by = (a1 — 72 (1 = 0) — b2 (9193 + 92) /") /o1
o = ©22M; — ©12My L= —021M; + 611 M,
011022 — 01202 011022 — 01202

where o3 and o4 are defined as
O11 = 2¢08 (WresT) — 208 (wresT) +1—96
O12= — (91 — 9193 — go) T
O21 = 208 (WresT) — 2¢08 (WresT) +1—106
+92(1=0)/gn
Oa2 = 2 (g1 cos (wresT) + g2 (9193 + g2)/g1) €**
M; = 271 (€08 (@resT) — €08 (wyes T)) e 7T

(19)

T

+a; —aigs + ((5 — 1) e JweT

Mo = (1= 68)e 7T +aigs + goa1/g1. (20)

Once the coefficient 7, is selected, a1, az, ¥2, b1, aIEI by can
be calculated based on above equations. After Q(z) = Q(z), the
internal AD transfer function is simplified as

1

CGaomp(2) = =Ty

g122e279T 4 gozedweT + g
22e2iweT — 2z2eiweT cos (WyesT) + 0

Fig. 3 shows the bode diagram of G ygmy(2) of the ICF and
MCF with different damping constant 0, respectively. f,., =
4500 Hz and § = 0.8. Regardless of the current sensor position,
the proposed single-sensor AD method effectively decreases the
resonance peak with arbitrary damping assignment. Addition-
ally, the AD stability is guaranteed by the pole assignment, which

21
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Fig. 4. Bode diagram of the Gy (z) and G;(z) with different f,.,
selections and fixed 6 = 0.8. f,..s = 5400 Hz.
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Fig. 5. Bode diagram of the G (z) and G;(z) with different ¢ selec-
tions and fixed f,.., = 4500 Hz. f,.s = 5400 Hz.

TABLE |
PARAMETERS OF THE EXPERIMENTAL LCL-EQUIPPED HSPMSM

Symbol Parameter Value
R winding resistance 0.045Q2
L1 inductance at the inverter side 54pH

Lo inductance at the machine side  27.5uH
Lg inductance of the machine 24uH
C1 capacitor of LCL filter 33uF
fres resonant frequency 5400Hz
Upc DC voltage 65V
poles poles of the machine 2
T control period 50us

indicates it is effective for the LCL resonance within the Nyquist
frequency.

B. Digital Implementation

In the digital implementation of the proposal, there are some
manners that should be noted as follows:

1) V. can be obtained by delaying the voltage reference V*;

2) the coefficient uo should be selected based on the current

measurement as shown in (5) and (6);

3) large magnitude of Gy (z) and G;(z) will deteriorate the
steady-state performance when taking the system noises
into account. Therefore, small magnitude of Gy (z) and
G;(2) is recommended; Therefore, based on the bode
diagram of Gy (z) and G;(z), as shown in Fig. 4, it can
be found that the desired resonance frequency f,.., should
be slightly less than the real resonance frequency to
achieve small Gy (z) and G;(z). Without loss of gen-
erality, f,., can be selected as (0.8-0.9) f,..s.
similar to f,., based on the bode diagram of G'y/(z) and
G;(z), as shown in Fig. 5, it is recommended that the
damping constant ¢ is located from 0.6 to 0.9.

4

~

! 5
80 I T i

I 85kr/min

1 1

70 {{60k/min

n(kr/min)

|
1

1 1.5 2 0 0.5 1 1.5 2
Time(s) Time(s)

(a) (b)

Fig. 6. Experimental results: ICF with proposed AD method when the
current reference changes from 10 to 20 A.

IV. EXPERIMENTAL VALIDATIONS

Some experiments are performed to validate the proposal. The
parameters of the experimental LCL-equipped HSPMSM drive
system are demonstrated in Table I. A fan is connected to the
shaft of the tested motor as a load, and thus the load torque is
approximately proportional to the square of the motor speed. Be-
sides, to evaluate the performance of the current controller, there
is no speed control loop. Only the proposed current controller
works in the experiments. ?TES = 4500 Hz, f,.s = 5400 Hz, 0
=0.8,a=0.175,and b = —0.174.

Fig. 6 shows the experimental dynamic response of the pro-
posed method with ICF. In Fig. 6(a), at t = 0.3 s, i’{q has s
stepping change from 5 to 10 A. With the proposed method, 71,
effectively tracks the reference with a rise time of about 2.1 ms
and an overshoot of about 0.9 A. Meanwhile, the tested motor
accelerates from 38 k/min(633 Hz) to 60 kr/min(1000 Hz). In
Fig. 6(b), the current reference i, changes from 10 to 20 A
and the current 7;, reaches the steady state with a rise time of
about 2.2 ms and an overshoot of about 1.0 A. Meanwhile, the
speed is accelerated to 85 k/min(1417 Hz). Fig. 7 shows the
experimental dynamic response of the proposed method with
MCEF. In Fig. 7(a), at t = 0.2 s, the igq varies from 5 A to 10 A.
By proposal, i, effectively tracks the reference with a rise time
of about 2.7 ms and an overshoot of about 0.4 A. In Fig. 7(b),
the current reference i3, changes from 10 to 20 A and thus the
speed is up to 82 k/min(1367 Hz). By the proposed method, iz,
achieves the reference tracking with a rise time of about 1.2 ms
and an overshoot of about 0.25 A.

The robustness against the variation of the motor inductance
is also validated by experiments with ICF and MCEF, as shown
in Fig. 8 and Fig. 9, respectively. It can be easily observed that
both the stability and the dynamic performance of the proposal
are well ensured when the motor inductance varies +50% of the
real value.

Additionally, to validate theoretical analysis of the proposed
AD method, the critical damping constant ¢ is experimentally
tested. Based on the ideal damped transfer function in (21), when
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Fig. 7. Experimental results: MCF with proposed AD method. From
top to down: iy, i24, and speed (kr/min).

i14(A)

Fig. 8. Experimental results: ICF with the mismatched motor
inductance.
1 1

i24(A)
o
o
&
iza(A)
o

1 1.5 2
0.3A , :
[ 0.5ms -
1 1.5 2
Time(s)
(®)
Fig. 9. Experimental results: MCF with the mismatched motor
inductance.

dis selected as 1, the open-loop drive system has a new resonance
pole pair, where the frequency is W;.s £ w,.. Considering the
current controller (9) has negligible effects on the resonance
poles, & = 1 can be regarded as the theoretical critical damping
constant. When § < 1, the closed-loop system is stable. § > 1
means unstable. Fig. 10 shows the experimental results of the
critical damping constant § with ICF and MCF. The initial ¢
is 0.8 and it will increase as a ramp to 1.1. For ICF, as shown
in Fig. 10(a), after § reaches about 1.04, the fluctuation of the
current 71, has gradually enlarged as the continuously increasing

15 = ; ,‘ 1.2
Am"&—lor'i* : ———————— +41.1
<5 ; 1 o
) SRPZA S i 0.9

' | |
-5 & l | 0.8
0 0.05 0.1 0.15 0.2
Time(s)
(@)
15 T T .
T | b

10 - {5=1.02 ;, i 411
I 1 o
5 {

0f— /i ‘ 0.9
1 |
-5 = . . 0.8
0 0.05 0.1 0.15 0.2
Time(s)
(b)
Fig. 10.  Experimental results: the critical damping constant § testing.
12
10
T s
&
4
&
=
Fig. 11. Experimental results: current control performance with

stepping offset disturbance and sinusoidal wave disturbance in ig,.

0. It can be concluded that the critical damping constant J is
around 1.04 in the tested drive system. Once § returns to 0.9,
the fluctuation of 7y, is greatly reduced, which indicates the AD
works again. For MCEF, as shown in Fig. 10(b), the tested critical
0 is about 1.02. Based on the experimental results, the tested
critical ¢ is much close to the theoretical value. Therefore, the
feasibility of the theoretical analysis in this article is validated.

Fig. 11 shows the experimental results of the proposed current
control performance when the stepping offset disturbance and
sinusoidal wave disturbance occur in the measurement of 7s,.
Without loss of generality, the stepping offset disturbance is
selected as Ais, = 0.5 A and the sinusoidal wave disturbance
is Aig, = 0.5 sin(1000 7t)A. It can be observed that the
proposal has good robustness against the current measurement
error resulting from the sampling disturbance.
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V. CONCLUSION

This letter proposed a general single-sensor AD framework
for LCL-equipped HSPMSMs in the synchronous coordinate,
which was suitable for ICF and MCF drive systems. The sim-
plified analytical expression between the physical parameters
and the damping performance was provided, which enables
automatic tuning for different drive systems. By the proposal,
arbitrary damping assignment and stability for the LCL reso-
nance within the Nyquist frequency were achieved. Finally, the
experimental results validate the effectiveness and robustness of
the developed AD controller.
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