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Extending the Harmonic Optimization Function of
Capacitively Coupled Active Damper for
LCL-Equipped High-Speed PMSM Drives

Jiaxin Zhou

Abstract—This article extends the harmonic optimization capa-
bilities of capacitively coupled active dampers for LCL-equipped
high-speed permanent magnet synchronous drives. The benefit of
the proposed approach is that the active damper not only provides
resonance damping but also reduces the harmonics of the motor
current. The resonant damping loop is implemented by feeding
the motor current in series with a high-pass filter. The harmonic
optimization loop is implemented by capacitor voltage feedback.
Compared with the traditional current-type active damper, the
capacitive-coupled active damper has a simpler topology, lower
dc voltage stress, lower loss, and simpler control structure. The
proposed extended harmonic optimization method has been exper-
imentally demonstrated to reduce the motor current harmonics by
approximately 25%.

Index Terms—Active damper, high-speed permanent magnet
synchronous motor (HSPMSM), harmonic optimization, LCL
filter, resonance suppression.

I. INTRODUCTION

O FURTHER improve the power density and dynamic per-

formance of the motor drives, the upper limit of the motor
speed has been gradually increased, and high-speed permanent
magnet synchronous motors (HSPMSM) have received more
and more attention [1].

A. LCL Filter and HSPMSM Drives

However, the high fundamental frequency and low inductance
characteristics of HSPMSM lead to large harmonics in the motor
current [2]. High harmonic stator current increases the high-
frequency (HF) loss of the motor, making the already difficult
heat dissipation problem even more difficult. In addition, high
dv/dt increases the electromagnetic interference and voltage
stress requirements of the drives [3].
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An LCL filter is an effective means to solve these problems.
However, the resonance damping of LCL filter has become
a new problem. In HSPMSM drives, the resonant frequency
in dg synchronous coordinates varies with the fundamental
frequency over a wide range, resulting in greater difficulty in
resonant damping of HSPMSM than that of grid-connected
inverters [4].

B. Existing Damping Methods

The traditional passive damping (PD) method requires an
additional hardware damping network, and its loss is large in
HSPMSM drive [5]. Compared with the PD methods, the active
damping (AD) methods do not require additional hardware
damping network and with lower losses. The AD methods
mainly includes filter-based [6], [7], inherent damping [8],
virtual-resistance [9], [10], [11], full state feedback control
(FSFC) [12], and hybrid damping [13], [14]. The FSFC method
can realize the free configuration of system poles, but requires a
large number of additional sensors. Furthermore, to save sensors,
state observer-based methods [15] and single-sensor damping
methods are proposed [16].

It is undeniable that the AD method has the simplest hardware
structure. However, according to Shannon’s sampling theorem,
the resonant frequency of the system cannot be higher than half
the sampling frequency, which is the Nyquist frequency. It is
imperative to keep the crossover frequency as low as possible to
ensure effective damping. So, the Nyquist frequency should be
considered as the upper limit for the filter’s crossover frequency,
even with the advanced AD control methods [4]. Otherwise,
the resonant component will be missampled as signals of other
frequencies.

Consequently, limited by the upper resonant frequency limit,
the passive components of the filter must be large, resulting
in an increase in the filter’s size. Moreover, to achieve reliable
damping, the HSPMSM driver must operate in a fixed switching
frequency mode, which restricts the use of changing switching
frequency control strategy to reduce losses. In addition, existing
AD methods are susceptible to system parameter mismatch.
However, the parameters of HSPMSM drives are elementary to
change during operation, which reduces the reliability of these
AD methods [17], [18].
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TABLE I
SUMMARY OF EXISTING DAMPING METHODS

Pros

Cons
PD in [5] Additional hardware, high power loss.
AD in [32] Low upper resonance frequency and robustness.

Series damper in [19]
Inductively coupled damper [23]
Capacitively coupled damper in [27]
Capacitively coupled damper in [31]

High current stress, large devices quantity.
High voltage stress and loss.
Limited improvement in voltage stress and losses.
Active harmonic mitigation is not considered.

No resonant frequency limit, strong robustness.
No additional hardware, low power loss.

Low switching frequency, strong robustness.
Low current stress, strong robustness.
Relatively reduce voltage stress and loss.

Low loss and voltage stress, simple control structure.

C. Existing Active Dampers

To overcome the shortcomings of the AD method, active
dampers [19] are proposed.

In [19], the active damper is connected in series in the load
loop. The current stress of the series active damper is the same as
that of the main inverter and requires a large number of switching
devices. The parallel current-controlled (inductively coupled)
active dampers have been applied to the resonance suppression
of multiple-inverter grid-connected systems [20], [21], [22],
[23], [24], [25]. However, the current-controlled active damper
requires additional current sensors and a high-bandwidth current
controller, which places extremely high demands on the perfor-
mance of the microcontroller unit. What is more, the voltage
stress of this type of active damper is relatively large, which is
consistent with that of the main inverter, resulting in extremely
high switching losses.

In order to reduce the voltage stress and loss of the damper,
capacitivly coupled active damper is proposed. In [26], capac-
itive coupling damper is used for disturbance suppression in
ac power-electronics-based power systems. The dc voltage of
the damper and the inverter is 300 and 750 V, respectively. The
authors of [27], [28], and [29] used capacitively coupled damper
to suppress the current harmonics of high-power inverters, but
they need additional current sensors. Moreover, the voltage and
current stress of the auxiliary converter are still high, 200 V for
the damper and 730 V for the main-inverter. Zhou et al. [30] ap-
plied a capacitively coupled active damper to solve the resonance
problem of an LCL-equipped HSPMSM drives, the voltage
stress of the damper was reduced to 5% of the main inverter dc
voltage. Furthermore, in [31], a single-motor-current-feedback
control strategy with adaptive feedback gain was proposed to
simplify the system structure.

D. Proposed Method

Table I lists the advantages and disadvantages of existing AD
methods. To summarize, the PD method has high losses, the AD
method has a small effective resonant frequency range, the series
damper has a large capacity and a large number of components,
the inductively coupled active damper has high voltage stress
and switching losses, and the capacitively coupled active damper
excels in voltage stress, loss and system complexity. The control
method of [31] greatly reduces the loss and cost of the capacitive
coupling active damper, and are expected to be applied in engi-
neering. However, the active harmonic suppression function of
the active damper was not considered.
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Fig. 1. System structure of LCL-equipped HSPMSM drives with capacitively
coupled active damper.

In view of this, this article further extends the harmonic
optimization function on the basis of [31] to further reduce
the motor current harmonics and improve the efficiency of the
HSPMSM system. The state feedback of the capacitor voltage
is introduced to suppress the sideband harmonics of the motor
current. Finally, the effectiveness of the proposal are validated
by experiments.

II. RESONANCE DAMPING BASED ON CAPACITIVELY COUPLED
ACTIVE DAMPER

The system diagram of LCL-HSPMSM drives with ac-
tive damper are shown in Fig. 1. The system consists of a
low-frequency voltage source inverter (LF-VSI), LCL filter,
HSPMSM, and high-frequency damper (HF-Damper). R de-
notes the motor resistance, L, denotes the motor inductance, €.
denotes the motor back electromotive force. ¢gpc 1.F» 2abe_HE, and
Labe_nr are the LF-VSI current, HF-Damper current and motor
current, respectively. Ugyp. ¢ represents the capacitor voltage.
The inverter side filter inductor L, the motor side filter inductor
Lo, and the filter capacitor C' together form the LCL filter. The
definitions and values of relevant variables are shown in Table II,
and L is defined as the sum of Lo, and L.

A. System Model With Capacitively Coupled Active Damper

To simplify modeling, the following assumptions are made.

1) eqpe changes slowly and compensated by feedforward.

2) R is small and has no negative effect on resonance.

3) The HF-Damper switching frequency is much higher than
that of the LF-VSI.
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TABLE IT
PARAMETERS OF THE EXPERIMENTAL PLANT
Symbol Parameter Value
R motor resistance 0.05 Q
Lg motor inductance (SPMSM) 220 uH
Ly LCL filter inverter side inductance 100 pH
Loo LCL filter motor side inductance 0 uH
C LCL filter capacitance 8 uF
Cic HF-Damper dc link capacitance 32 uF
Sres LCL filter resonant frequency 6786 Hz
poles poles of the HSPMSM 10
JLe/TLr LF-VSI switching frequency/period 10 kHz/100 ps
fur/Tyr HF-Damper switching frequency/period 100 kHz/10 us
N motor rated fundamental frequency 1000 Hz
Vie LF-VSI dc link voltage 300 V
Vieo HF-Damper dc link voltage reference 30V
In motor rated current 14 A
Un motor rated voltage 130V
Py motor rated power 3 kW
. Ly oy ur(s) L ) Lo iy () b
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Fig. 2. Single-phase equivalent circuit based on superposition theorem.

(a) LF-VSI part. (b) HF-Damper part. (c) Overall.

According to the superposition theorem, the single-phase
equivalent circuit of LCL-equipped HSPMSM drives with active
damper is depicted in Fig. 2. U, 1r(s) and U, nr(s) are LF-
VSI output voltage complex vector and HF-Damper output volt-
age complex vector, respectively. The complex vectors iz 1(s),
iap M (S), iap_c(s) denote the inverter current, motor current
and capacitor current complex vector, respectively. i, ﬁ_ILF(s),
tap MLE(S), tap cLr(s), and Uypg cLr(s) denote the inverter
current, motor current, capacitor current and capacitor voltage
complex vector under the action of LF-VSI only, respectively.
iaBJHF(S)a iaﬂfMHF(S): iozBfCHF(S)7 and UozBiCLF(S) denote the
inverter current, motor current, capacitor current, and capacitor
voltage complex vector under the action of HF-Damper only,
respectively.

The superposition model shown in Fig. 2 can be represented
by the signal flow graph shown in Fig. 3, where G.1($),
Gin1(8), Guea(s), and Gy (s) are defined as

SL2
Guc =
1(8) 83L1LQC + S(L1 + LQ)
1
Ginn(s) = oL
—s(L L
Guc2(3) _ 5( 1+ 2)

SSLlLQC + S(Ll + L2)
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Fig. 3. Dual-source equivalent structure block diagram with active damper.
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Fig. 4. Bode diagram of G5 (s) with different Uy g pr(s).
SLl C
Gima(s) = ———r. (1
inn2(s) = —p— 7~ )

According to Fig. 3, the expression of the capacitor voltage
Uap_c(s) in the o5 stationary coordinate is

Uaﬂ_C(S) = Gyea1 (S)UQB_LF(S) + GUCQ(S)Uaﬂ_HF(‘S)' (2)

The expression of the motor current ing ar(s) in the af
stationary coordinate is

tap M (5) = Gue1(5)Ginr1(5)Uap_LE(S)

+ Gue2(8)Ginr2(5)Unp ur(S). 3)

If Uy nr(s) is zero, the system is equivalent to an undamped
LCL-equipped HSPMSM drives, and the transfer function from
the motor current to the LF-VSI output voltage is

ianM(S) 1

G'L = = P .
M(S) Ua,B_LF(S) 83L1L2C+S(L1 +L2)

“

As illustrated in Fig. 4, when U,g nr(s) is zero, the Bode
diagram reveals that the system is afflicted with a resonance
problem. The resonant angular frequency wys and resonant
frequency fies are defined as

Ly + L
Wres = 27Tfres = LllTQC\?

(&)
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Fig. 5. System block diagram with resonance damping only.

B. Damping Principle of Active Damper

From the above-mentioned analysis, it can be seen that it is
possible to achieve resonance suppression by setting Uy g np(s)
reasonably. To suppress the resonance, try setting Uy nr(s) as

Uap_nr(s) = Kapiag_n(s). (6)

Subsequently, the signal flow diagram of the system can be
expressed in the form of Fig. 5.

Furthermore, simplifying the control structure shown in
Fig. 5, the transfer function from the motor current to the LF-VSI
output voltage is

Guc1(8)Gini(s)
1 — Gue2(8)Ginr2(s) Kap
1

= . 7
SSLlLQC + S(Ll + LQ) - 82L1C’KAD ( )

GZM(S)

The Bode diagram of the system with active damper is
depicted in Fig. 4. The Bode plot shows that the application
of active dampers has a significant effect on suppressing the
resonance peak.

According to (10)—(16) in [31], the extreme values of the
feedback gain Kp are

KAD_Min = _2L25Wres
Kap max = —La/(L1 + Lo). ¥

In generally, the value of Ksp can set between Kap min and
Kap Mmax- Without loss of generality, the recommended K ap is

Kap_Mmax + KAp_Min

Kap = 5

€))

C. Implementation of Damping Based on Active Damper

The block diagram of the resonance damping method based on
capacitive coupling damper is shown in Fig. 6, where Fig. 6(a)
is the low-frequency (LF) motor control block diagram, and
Fig. 6(b) is the HF damper control block diagram. The transfor-
mation matrix from abc stationary coordinate to dg synchronous
coordinate is represented by T},pc244, While the transformation
matrix from dg synchronous coordinate to abc stationary coor-
dinate is represented by Tig2qbc-

In Fig. 6(a), i4,_nr represents the motor current complex vec-
tor in dq synchronous coordinate, Ug, 1r represents the output
voltage of the HF-Damper in dq synchronous coordinate, and
Uabe_Lr represents the output voltage of the HF-Damper in the
abc stationary coordinate.
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Fig. 6. Block diagram of resonance damping method based on capacitive
coupling damper. (a) LF motor controller. (b) HF dmaper controller.

The design of the position observer can refer to [33], Oey
and weg are the estimated rotor position and angular frequency,
respectively.

The speed controller is a proportional integral controller. n*
represents the reference speed, w; represents the electrical an-
gular frequency, and iy, | . is the output of the speed controller,
that is, the current reference. The proportional and integral
coefficients K5 and K;g are 0.01 and 0.02, respectively.

The current controller is defined as

(az + b)(zedweT —
(z—1)°

where a and b are control coefficients in [4].

In Fig. 6(b), U, ur represents the output voltage of the HF-
Damper in the abc stationary coordinate. In order to filter out
the LF signals in the feedback current, a high-pass filter (HPF)
is connected in series in the resonant damping loop.

First, the HPF is designed in the continuous domain, and its
transfer function is

¢~ RT/Lz2)

Ge(z) = (10)

s
G = 11
HPF(S) S+ we (11)
where the cutoff frequency w, is set as
We = 1.5&)@]\] (12)

where w, v is motor rated angular frequency (20007 rad).
Then, the forward Euler discretization method is used to
discretize (11) to obtain the discrete transfer function

Thrw,

Gier(9) = ST T

(13)

where Tyr is the sampling period of HF-Damper.
The rotor position Ay is recursively derived from the 6. and

West- The position interpolator is
Our = Oest + (k — 1)wes Tur, (k = 1,2,3...10) (14)

where k represents the kth HF period within an LF period, which
can be found in Fig. 7.
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Fig. 7. Timing diagram of the control algorithm for the LCL-equipped

HSPMSM drives with capacitively coupled active damper.

The dc link voltage of the damper is controlled by the PI
controller shown in Fig. 6(b), where V., is the voltage reference,
Uyc is the output. The design basis of the proportional and
integral coefficients K,y and Ky are as follows:

Kyy =27 f,Cye

Kiv =27 fy Req (15)
where f; is control bandwidth, Cy. is damper dc-link capaci-
tance, and R is equivalent resistance in the charging circuit.

The output limits of the voltage controller are Vg.o/6 and
—Vie2/6, respectively.

The timing diagram of the control algorithm is shown in Fig. 7.
The starting point of the LF carrier is aligned with the starting
point of the first HF carrier. The current sampling points of
the LF-VSI and the HF-Damper are both the starting points of
their carriers. The programs of the damper controller belong to
HF code and the programs of the motor controller belongs to
LF code. The number of operation cycles required to execute
the HF code and the LF code is approximately 850 and 5500,
respectively. In the HF period, the HF code is executed first.
Then, if the LF code is not executed, jumps to the interrupt of
the LF code.

III. PROPOSED HARMONIC OPTIMIZATION METHOD
A. Harmonic Optimization Principle

To extend the harmonic optimization function, in this article,
the capacitor voltage is fed back into the reference voltage of
the HF-Damper. Fig. 8 is the schematic diagram of the proposed
harmonic optimization method, where K ¢ is the harmonic opti-
mization coefficient, and the simplified system model is shown
in Fig. 8(b). It should be pointed out that in order to facilitate
the description of the proposed harmonic optimization method,
the resonance damping of the HF-Damper will be discussed
in the next section.

In the proposed harmonic optimization method, the output
voltage of the HF-Damper is set as

UaﬂfHF(S) = KcUagic(S). (16)
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Uy 1r (s) U,,ﬂic,_F(S) iy wir () iaﬂiM(S) L
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Fig. 8. System block diagram with proposed harmonic optimization only.
(a) Original model. (b) Simplified model.
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Fig. 9. Bode diagram of G;mp(s) with different K¢

Then, the transfer function from the motor current to the LF-
VSI output voltage with harmonic optimization is

GiMH(S) Gucl(s)[GiMl(S)
KCGUCQ(S)
1-— KCGUCQ(S)
1+ Ke
33L1LQC + S(Ll + Lg)(l + KC) '

The Bode diagram of G;uu (s) is shown in Fig. 9. It can be seen
that, when K = 0, the system model is consistent with (4), the
HF attenuation capability of the system is not improved. If K¢
gradually decreases from 0, the resonance peak of the system
gradually shifts to the left, the equivalent resonant frequency of
the system gradually decreases.

The equivalent resonant frequency and angular frequency of
the system can be expressed as

ﬁes =V 1+ KCfres
Wres = V' 1 + KoWres.

im2(8)]

a7

(18)
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Fig. 10. System block diagram with proposed harmonic optimization and

resonance damping. (a) Original model. (b) Simplified model.

The reduction of the equivalent resonant frequency reduces
the HF gain of the system, thereby optimizing the HF harmonics
of the system.

B. Design of Damping Controller With Harmonic
Optimization

In the previous sections, the principles of resonance damping
and harmonic optimization have been introduced, respectively.
In this section, how to achieve these two functions at the same
time will be discussed.

The system block diagram with proposed harmonic opti-
mization and resonance damping is shown in Fig. 10, and
the simplified model is shown in Fig. 10(b). According to the
simplified model, the transfer function from the motor current
to the LF-VSI output voltage with harmonic optimization and
resonance damping is

1
Givr(s) = Gimn(s) 3
1- GiM2(S)71i<??fé;zii(i)
o 14+ Ke
S8 LyC + s(Ly + Lo)(1+ K¢) — s2LiCKap

19)

The Bode plot of the system transfer function considering
both resonant damping and harmonic optimization is shown
in Fig. 11. It can be seen that based on the proposed method,
resonance damping and harmonic optimization can be achieved
simultaneously.

The final control block diagram of the method proposed is
shown in Fig. 12. Uy, ¢ represents the capacitor voltage in
the abc stationary coordinate, Uy, ¢ represents the capacitor
voltage complex vector in dg synchronous coordinate. The same
as Fig. 6(b), the LF signals in the motor current and capacitor
voltage need to be filtered out. The parameters of the HPF can
be found in (11) and (12)
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Fig. 12.  Final damper control structure of the proposed method.

C. Analysis of the Impact of HPF

As shown in Fig. 12, in order to reduce the damper output
voltage, HPFs are added to the harmonic optimization loop and
the resonant damping loop. Therefore, it is necessary to consider
the impact of the HPF.

Considering the HPF, the system transfer function can be ex-
pressed as (20), shown at the bottom of the next page. As shown
in Fig. 13, for the systems with and without HPF, the LF and HF
amplitude gains are almost the same, and the midfrequency gain
in the system with HPF is slightly larger than that in the system
without HPF. In addition, the phase margin of the system with
HPF is greater than that of the system without HPF.

In other words, the HPF increases the LF phase margin and
the amplitude gain in the midfrequency band. In the proposed
method, the amplitude gain at the resonant frequency is sup-
pressed to a very low level, and even if the HPF is added, its
amplitude gain is still much less than OdB. In addition, the HPF
can enhance the LF stability, so it is feasible to ignore the HPF
when performing stability analysis.

IV. STABILITY AND PARAMETRIC ROBUSTNESS
A. Discrete Model and Stability Analysis

The digital delay in the HSPMSM drive system cannot be
ignored, and the current controller is generally designed in the
dq synchronous coordinate. Therefore, it is necessary to derive
the LCL-equipped HSPMSM discrete synchronous model.
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First, rewrite (19) as
a (8) (1 —+ Kc) 1
iMF =
sL1LaC (s +¢)? + w2
2 —2 2
€ =—Kap/(2Ls),w; = W, —€°. (21)

The feedback gain of the damping controller considering
harmonic optimization is

Kap = —LoWres — Lo /(2(L1 + L2)).

Perform zero order holder discretization processing on (21),
the discrete model in the 3 rotation coordinate is

|:1 _ efsT

(22)

Givr(2) = Z GiMF(S)]

B Pi(z) + Py(2)
z—1 @2 Q(2)

1+ Ke T 2e
L+ Ly
(23)
where T is the LF-VSI sampling period, P; (2), P2(z), and Q(z)
are defined as
2e 1 —eT -
Pi(z) = - — ) (z=1)e *" sin(w,T)

2
WresWr Wy

2e
PQ(Z) = @2
res

Q(z) = 22 — 2ze T cos(w, T) + e 7T,

(z = 1)(z — cos(w,T)ecT)

(24)

Considering the digital delay and the dq rotation coordinate
transformation [4], the discrete model in the dg synchronous
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coordinate is

Gon(2) = L1 T %
iMFr{Z) = - - I
M Li+ Loz |zetweT —1 @2,
Plr(Z) =+ PZT(Z):|
+—" (25)
Qr(2)

where w, is the motor current fundamental angular frequency,
Py, (2), Par(2), and Q,(z) are defined as

2 1 ;
— = —) (ze?*<T — 1)e T sin(w,T)
WresWr Wr

P = (

2e

Py.(2) = = (ze?%<T —1)(ze?<T — cos(w,T)eT)
res
Qr(2) = 22219 — 299 T=2T cog(w, T) + e 2T, (26)
The closed-loop transfer function is
Gc(z)GiMFr(z)
G = . 27
o) = TG (D) o) <

The migration diagram of the closed-loop zero-pole points
varies with w, is shown in Fig. 14(a). The zero-pole migration
diagram shows that the system resonant poles rotate clockwise
as w, increases. It is stable in the range of 0 to 30007rad and has
a large stability margin. Even if w, increases further, the system
will not become unstable, indicating that the system has good
stability in a wide speed range.

In Fig. 14(b), w. and Ko are 30007rad and —0.3, Kap
decreases gradually from O to —5. The analysis results show that
when Kp = 0, the closed-loop poles are not all located within
the unit circle and the system is unstable. As Kp decreases,

1 + KCGHPF(S)

GiMFH(S) =

§3L1LoC + s(Lq + La)(1 + KcGupr(s)) — s2L1CKapGrpr(s)

s(14+ Ke) + we

B S4L1LQC + SS(LlLQCWC — LICKAD) + 52(L1 + Lg)(l + Kc) + 8(L1 + Lg)wc '

(20)
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Fig. 16.  Step response with K¢, we = 30007rad.

the closed-loop resonant zero poles gradually move inside the
circle, and the stability margin of the system gradually increases.

B. Harmonic Optimization Controller Gain Selection

It is worth noting that one of the zero points of the closed-loop
system is close to the edge of the unit circle in Fig. 14(a). If K¢
changes, the zero point may move away from the unit circle,
which will deteriorate the system dynamic performance.

It can be seen from (18), K¢ should be less than zero and
greater than —1

K¢ € (—1,0). (28)

Fig. 15 describes the closed-loop zero-pole distribution of the
system with different K¢, the range of K¢ is —0.9 to 0. The
analysis results show that K~ has little effect on the poles, but a
great impact on the zeros. The step response results are shown in
Fig. 16. Although the position of the zero point does not affect
the stability of the system, a zero point far away from the origin
will increase the dynamic overshoot of the system.

In summary, the larger the absolute value of K¢ is, the
stronger the harmonic optimization capability is, but it will
deteriorate the dynamic performance and increase the damper

2923

. -2

.2 4
-6
-8
-10

S
= -7
S
8
9
: - -10
0.5 1 115 15 05 075 1 125 15
Ly/(Ly)
(a) (b)
1.5 4
45
1.25
5
S
= 1 -5.5
Q
-6
0.75
-6.5
0.5 -7
05 075 1 125 15
L /(L)
©
Fig. 17.  Impact of system parameter mismatch on Kap, K¢ = —0.7, Kap
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loss. To take both into account, the recommended K range is

K¢ € [-0.7,-0.4]. (29)

C. Parameter Robustness Analysis

It can be seen from (22) that the value of the feedback
gain is affected by parameter mismatch. Further analysis shows
that the parameters that affect the stability of the system are
inductance L1, capacitance C', and inductance L. For ease of
description, the mismatch parameters are recorded as ﬁl, C’,
and Lo, respectively. Generally speaking, in motor drives, the
allowable error of filter component parameters is =20%, and the
allowable error of motor inductance is £50% [4].

As shown in Fig. 17, Kap is affected by three parameters, L1,
Lg, and C. If the system parameters are actual parameters, Kap
is approximately —5.48. When the system parameters vary from
0.5 to 1.5 times the actual parameters, the range of Ksp is about
—10to -2.

It can be seen from Fig. 14(b) that when Kap is not greater
than —0.5, all the closed-loop poles of the system are located
within the unit circle and the system is stable. In the parameter
robustness analysis, the maximum value of Kap is —2, which
is less than —0.5. Therefore, the proposed method has good
parameter robustness.

V. EXPERIMENTAL VALIDATIONS

The experimental setup is shown in Fig. 18. The main
components of the experimental platform are dual three-phase
HSPMSM, LF-VSI with LC filter, HF-Damper, three-phase load
resistors, oscilloscopes, dc power supply. The experimental plant
parameters aligned with those in Table II. The HSPMSM is a ten-
pole, dual three-phase surface-mounted motor with a rated speed
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Fig. 18.  Experimental setup.
TABLE III
PARAMETERS OF SYSTEM CONTROLLER
Controller Description Parameter ~ Value
Motor current controller Control coefficient ¢ 0.5
b —0.49
Damper dc-link Proportional coefficient  Kpv 0.6
voltage controller integral coefficient Ky 1
Proportional coefficient K,s 0.01
Mot d controll . . P
olor speed controtiet integral coefficient Kis 0.02

TABLE IV
FILTER PARAMETERS FOR EXPERIMENTAL VERIFICATION

L1 Lo C f res
LCL filter-A 200 uH 220 pH 8 puF 5498 Hz
LCL filter-B 100 uH 220 uH 8 uF 6786 Hz

of 12 kr/min. A set of three-phase windings of the HSPMSM is
connected to the three-phase load resistor, so the load torque is
proportional to the speed. The switching device of the LF-VSI
is two parallel 600 V-40 A IGBTs (STGF19NC60HD packaged
in TO-263), and the switching device used by the HF-Damper
is a single-tube MOSFET of 60 V-30 A (UMW30NO6 pack-
aged in TO-252). The control unit is digital signal processor
TMS32F28377D and the clock frequency is 200 MHz. The
parameters of the system controller are shown in Table III. The
two filters shown in Table IV are experimental objects. Filter-A is
used for high-speed conditions, and filter-B is used for low-speed
conditions.

A. Resonance Damping Verification

In this section, the gain of the harmonic optimization con-
troller is set to 0. The damping verification experimental results
are shown in Fig. 19, where 7, 57 is the motor A-phase current,
1o_ur 1s the HF damper A-phase current, ¢,,_1p is the LF inverter
A-phase current, and speed indicates the motor speed in r/min.
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Fig. 19. Validity verification experimental results with filter-B. (a) Damper
switching process results at 4.5 kr/min. (b) FFT of motor phase current.

Fig. 19(a) shows the motor phase current waveforms before
and after the damper is enabled. The fast Fourier transform
(FFT) result of 7, _ps, as shown in Fig. 19(b), indicates that
the HF-Damper reduces the total harmonic distortion (THD)
of the motor current from 18.18% to 15.34%, and reduces the
harmonic amplitude at the resonant frequency from 8.5% of
the fundamental amplitude to about 0.2% of the fundamental
amplitude. The experimental results show that the proposed
method is an effective means to suppress resonance.

The speed step experiment results are shown in Fig. 20,
the speed reference steps from 3 to 12 kr/min. The definition
of channel variable is the same as Fig. 19. The motor phase
current THD at 12 kr/min is 15.50%. The experimental results
demonstrate that the test motor operates stably under speed step
conditions with the proposed method.

Fig. 21 shows the experimental results of the HF-Damper
rotor position Ay obtained by recursion of the LF-VSI rotor
position # and angular frequency we, the speed is 12 kr/min.
The experimental results show that using the recursive method
in (14), high-precision rotor position can be obtained even when
there is only an LF rotor position observer.

B. DC-Link Voltage Control

The HF damper dc-link voltage control experimental results
are presented in Figs. 22 and 23, where Uyc is the output of
the voltage controller, V.o is the damper dc link voltage. The
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damper dc-link capacitor is precharged during the motor starting
process. As shown in Fig. 22, the starting method adopted is a
typical three-stage method, including prepositioning, constant
current variable frequency acceleration (IF), and sensorless

switching. Since resonance is

not prominent at low speeds,

the resonance damping controller is disabled during the startup
process. The target speed of IF is 1.5 kr/min. After the speed
stabilizes, the current amplitude gradually decreases to reduce
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Fig. 23.  HF-Damper DC-link voltage control experimental results. (a) Speed

step, 6 to 12 kr/min. (b) Load step.

the difference between the open-loop position and the observer
position, facilitating a smooth switch to the sensorless control

mode.

The experimental results shown in Fig. 22 show that the HF
damper capacitor voltage gradually increases in the IF stage and
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phase current.

finally reaches the given value of 30 V after the motor is switched
into the sensorless control state.

The experiments shown in Fig. 23 is to observe how the
dynamics of the motor relate to the dynamics of the HF damper
dc voltage. Fig. 23(a) tests the control performance of the damper
dc voltage when the motor speed steps from 6 to 12 kr/min.
During the speed step process, the damper capacitor voltage
first drops from 30 to 25 V, and then recovers to 30 V. The
experimental results show that the damper voltage control has
good performance under the speed step condition. Fig. 23(b)
tests the control performance of the damper dc voltage when
a rated load is given and removed from the motor. After the
load is removed, the damper dc voltage first drops to 28 V and
then recovers to 30 V. After the load is reapplied, the damper dc
voltage rises slightly and then recovers to 30 V.

C. Harmonic Optimization Verification

Fig. 24(a) shows the experimental waveform of the switching
process of the harmonic optimization controller at 4.5 kr/min,
and K¢ is —0.7. As shown in Fig. 24(b), before the harmonic
optimization controller is enabled, the THD of the motor phase
current is 15.26%. After enabling the harmonic optimization
controller, the motor current THD is reduced to 11.09%.

In Fig. 25, the motor speed increases to 12 kr/min. i, pr
is the HF-Damper C-phase current. As shown in Fig. 25(b),
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TABLE V
RELATIONSHIP BETWEEN K AND SYSTEM PERFORMANCE

Ko -01 -03 =05 —-07 —=0.9

1q_nv THD (%) 1511 13.13  11.74 1096 11.12

ig_ns Overshoot (A) 8.1 8.2 8.5 8.8 12.3
TABLE VI

COMPARISON RESULTS OF DIFFERENT DAMPING METHODS WITH FILTER-A

Proposed

PD CCF d . Proposed
amping only
Total power (W) 3016 3002 2990 2903
Damping loss (W)  29.4  Unknown Unknown Unknown
iq_nr THD (%) 15.06 19.33 15.50 10.96
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Fig.25. Harmonic optimization experimental results with filter-A at 12 kr/min.
(a) Harmonic optimization switching process. (b) FFT of motor phase current.

the proposed harmonic optimization method reduces the motor
current THD from 15.50% to 10.96%. It is worth noting that
the proposed harmonic optimization method reduces the phase
current of the HF-Damper from 7.35 to 6.26 A in Fig. 25(a),
a decrease of 15%. In this section, the resonance damping
controller remains enabled to suppress the resonance. Figs. 24
and 25 are the experimental results of harmonic optimization
function verification with filter-B and filter-A, respectively.

In order to explore the impact of KC on system performance,
K was selected as 0.1, —0.3, 0.7, and —0.9 for testing. The
experimental results are shown in Table V. The experimental
results show that when K¢ is greater than—0.7, as K¢ decreases,
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the overshoot of i,_»s increases slowly, the motor current THD
decreases gradually, and the decline rate of motor current THD
gradually becomes smaller. But if K¢ is —0.9, the motor current
THD increases instead, and the overshoot of 7, »; become much
larger. The reason may be that the damper output voltage exceeds
the limit.

D. Comparison With Other Damping Methods

In this section, capacitive branch series resistor PD method
in [5] and CCF method in [32] are compared with the proposed
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Fig.27. Comparison of experimental results with existing active damper with
filter-A. (a) Multicurrent feedback method in [27], Vgc2 is 80 V. (b) Single-
motor-current feedback method in [31], Vgco is 15 V. (¢) Proposed method, Vg2
is 30 V. (d) Motor current THD.

method. The PD resistor is selected based on the principle
that the amplitude gain of the damped system at the resonant
frequency is equal to 1. The expression of R, with filter-A is

1
Ry = = 0.25.
(Li+Lo)* _ Latlo
L2L12 LiLo

(30)

The comparative experimental results of the system equipped
with filter-A are presented in Table VI and Fig. 26. The speed
reference is 12 kr/min to keep the load power the same.
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TABLE VII
PARAMETER MISMATCH EXPERIMENTAL RESULTS WITH FILTER-A AT 12 KR/MIN, K = —0.7

Exp. A  Exp.B Exp.C ExpD ExpE Exp.F Exp.G ExpH
L1(L1) 0.5 0.5 0.5 0.5 1.5 1.5 1.5 1.5
ﬁg(Lg) 0.5 0.5 1.5 1.5 0.5 0.5 1.5 1.5
c(o) 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5
Kap —-442 =267 -10.78 —634 349 207 747 442
ig_nv THD (%)  11.03 11.31 10.47 10.71 11.15  11.23 10.66 10.99

In the PD system, the motor current amplitude is 19.21 A, the
motor current THD is 15.06%, the total power is 3016 W, and
the power consumed by the damping resistor is about 30 W.
Therefore, it can be concluded that the total power without
damping loss is 2986 W. The PD method can effectively suppress
resonance, but the power consumed by the damping resistor is
high.

In the CCF system, the motor current amplitude is 19.38 A,
the motor current THD is 19.33%, the total power is 3002 W.
The resonant frequency of filter-A has exceeded the Nyquist
frequency of the system, so the CCF method cannot effectively
suppress the resonance. The loss caused by resonance is about
16 W.

In the system with the proposed resonance damping and
harmonic optimization methods, the motor current amplitude
is 19.01 A, the motor current THD is 10.96%, the total power is
2903 W. The proposed harmonic optimization method reduces
the system power by 87 W (2.91%) compared to the method
using only the resonant damping controller. Compared with the
PD method, the proposed method has a power consumption of
113 W lower (3.75%).

The comparative experimental results with the existing
damper are shown in Fig. 27, which shows the experimental
results of the multicurrent feedback method in [27], the single
current feedback method in [31], the proposed method, and the
comparison chart of the motor current FFT analysis results of the
three methods. It is important to point out that the damper used
in the multiple current feedback method is a high voltage version
(600 Vdc). The experiment was carried out in the speed control
mode with a reference speed of 12 kr/min. U, p and Uy _p are
resonance damping controller output d- and g-axis voltage.

The experimental results show that the multicurrent feed-
back method has the highest THD of 16.88%, and its damper
output voltage is also the highest. Therefore, this method is
not recommended. The single current feedback method has the
lowest damper output voltage, and the motor current THD is
slightly better than the multipoint feedback method, ranking in
the middle. The proposed method has the lowest motor current
THD of 10.96%, and the damper output voltage range ranks in
the middle. Compared with the single current feedback method,
the proposed method uses a higher damper voltage (increased
from 15 to 30 V) in exchange for a lower motor current THD,
which reduces the motor loss by about 87 W (2.91%).

E. Parameter Robustness Verification

The parameter robustness experimental results with filter-A
are summarized in Table VII. For the mismatch parameter (L,

Lo, and C), the upper and lower bounds of the preset range were
selected respectively, and a total of eight groups of experiments,
Exp.A to Exp.H, are carried out. The speed reference is 12 kr/min
and K¢ is -0.7.

In the experiments described previously, the mismatched pa-
rameters cause the resonant damping feedback gain Kap (—4.42
with ideal parameters) to vary from —10.78 to —2.0. The THD of
the motor current in different experiments is slightly different,
with a distribution range of 10.66%-11.31%. Experimental re-
sults show that the proposed method can tolerate 50% error in
system parameters.

VI. CONCLUSION

This article extends the harmonic optimization capabili-
ties of capacitively coupled active dampers for LCL-equipped
HSPMSM drives. Based on the resonant damping method of
motor current feedback, capacitor voltage state feedback is
added to further reduce the motor current harmonics. Compared
with the single current sensor control method, the damper output
voltage is higher, but it also brings the following benefits.

1) Reduce the motor current THD by more than 25%.

2) Reduce the HF-Damper current by about 15%.

3) Improve the system efficiency by about 3%.
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