Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Voltage Modulation Using Virtual Positive Impedance Concept for Active Damping of
Small DC-Link Drive System

Wang, Dong; Lu, Kaiyuan; Rasmussen, Peter Omand; Mathe, Laszlo; Feng, Yang; Blaabjerg,
Frede

Published in:
IEEE Transactions on Power Electronics

DOl (link to publication from Publisher):
10.1109/TPEL.2018.2799988

Publication date:
2018

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Wang, D., Lu, K., Rasmussen, P. O., Mathe, L., Feng, Y., & Blaabjerg, F. (2018). Voltage Modulation Using
Virtual Positive Impedance Concept for Active Damping of Small DC-Link Drive System. IEEE Transactions on
Power Electronics, 33(12), 10611-10621. https://doi.org/10.1109/TPEL.2018.2799988

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1109/TPEL.2018.2799988
https://vbn.aau.dk/en/publications/2f4c7d57-4643-49a4-918e-cc94ea73a082
https://doi.org/10.1109/TPEL.2018.2799988

This article has been accepted foFpistiki¢ht am thoafustensi dssoé of thris gt hiaw blees pobbistre duillythik jedirGaln €ha mgey wleangagdedotthfinatpidiibytthn. (Githisber ipforntatparblio@iorn. 1109/ TPEL.2018.2799988, IEEE

The final version of refoadssctimilable Rower Electrohitp://dx.doi.org/10.1109/TPEL.2018.2799988

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Voltage Modulation Using Virtual Positive
Impedance Concept for Active Damping of
Small DC-Link Drive System

Dong Wang, Member, IEEE, Kaiyuan Lu, Member, IEEE, Peter Omand Rasmussen, Member, IEEE
Laszlo Mathe, Member, IEEE, Yang Feng, and Frede Blaabjerg, Fellow, IEEE

Abstract—Small DC-link drive systems, built with film capaci-
tor in the DC link, present a new trend in many industrial appli-
cations and is obtaining increasing interests. It has the advantages
of longer lifetime and the possibility to achieve a more compact
design of the capacitor bank, especially at medium and high
power rates. However, it could exhibit instability problems,
mainly in the form of oscillations. The unexpected oscillation may
result in overvoltage and shorten the lifetime of the power devices
and the dc-link capacitors; increase the total harmonic distortion
(THD) and also the partially weighted harmonic distortion
(PWHD) of the grid supply current. Therefore, active damping
methods are usually needed in order to stabilize such drive sys-
tems. This paper first analyzes the system characteristics and the
principles of existing active damping methods. Then a new voltage
modulation based method named as “virtual positive impedance”
method is introduced to guarantee the dc-link stability. This new
approach is simple to apply and its implementation does not re-
quire the knowledge of system parameters and machine operating
conditions. The proposed method is analyzed in details and veri-
fied by experiments.

Index Terms—Active damping; small dc-link drive; stability;
virtual positive impedance; voltage modulation

1. INTRODUCTION

LECTROLYTIC capacitors are widely used in the com-

mercial variable frequency inverters. However, the ex-
pected service lifetime at maximum rated conditions of the
electrolytic capacitor is much lower than film capacitor, which
motivates a replacement with film capacitor [1]-[3]. Investiga-
tions have shown that a smaller total capacitance will be suffi-
cient for inverter applications by replacing electrolytic capac-
itors with film capacitors, and even the total volume of capac-
itor bank may be reduced [2]. Typically, drives equipped with
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film capacitors are applied in applications such as heating,
ventilation and air-conditioning (HVAC), where the dynamic
requirements for the motor shaft is moderate. Such drives are
referred in the literature as small dc-link or slim de-link drives
[31-[5].

Since the dc-link stage has the function to “stabilize” the
rectified line voltage, instability of the dc-link voltage may
occur when small dc-link drives are applied, especially when
large grid inductances are present and this situation will be
more critical for constant power load (CPL) conditions
[3]-[13]. It is well-known that the CPL operation has the
“negative impedance” characteristics [5]-[13]. When there is
not enough damping effect in the grid and dc-link, it will result
in a negative damping factor in the characteristic equation of
the system [3]-[9], [12]-[13]. Due to the non-linear character-
istics of the diode rectifier, the instability due to the negative
damping is mainly present in the form of oscillations. This
oscillation may result in overvoltage and shorten the lifetime of
the power devices and the dc-link capacitors. Moreover, the
oscillation components will also be present in the grid supply
current and worsen the total harmonic distortion (THD) and the
partially weighted harmonic distortion (PWHD). Thus, the
oscillation components are required to be damped properly.

Various passive damping circuits, which are added to the
dc-link, are investigated for dc-link stabilization [14]. However,
the extra components will increase the physical size and the
cost of the inverter, and the selection of the component ratings
should be adjusted accordingly for different system ratings.
Therefore, active damping control methods are preferred to
stabilize the dc-link voltage in small dc-link drives, especially
in HVAC applications with moderate shaft dynamic require-
ments. The basic idea is to achieve a positive system dynamic
damping factor by controlling the actual power drawn by the
machine from the dc-link [3]-[13]. It is straight forward to
realize by controlling the torque reference current directly,
normally by adding/injecting signals that are proportional to the
dc-link voltage variation [6]-[10]. However, the common
problem of the reference current control methods is that they
are not able to work properly when the frequency of the varia-
tion part of the dc-link voltage exceeds the bandwidth of cur-
rent control loop. Therefore, instead of controlling the current
reference, methods based on reference voltage control are
suggested [3]-[5], [11]-[13]. It is worthwhile to notice that
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machine current/torque ripple may occur due to the imperfect
dc-link voltage feedforward compensation caused by the time
delay of the digital controller [15] and the current/voltage in-
jection for achieving active damping control, and this is why
small dc-link drives are mainly for the applications with mod-
erate shaft dynamic requirements.

Nearly all the methods mentioned above [3]-[11] are intro-
ducing variation terms that are functions of the dc-link voltage
variation in a proper way to guarantee that the system charac-
teristic equation has a positive dynamic damping factor. The
idea of introducing a virtual capacitor [8] or a virtual resistor
[12] was proposed to explain the “physical” meaning behind
these methods. However, a common disadvantage of these
methods is that the introduced control parameters need to be
tuned for different operating conditions and system parameters,
which is not convenient. In this paper, a complete analysis of
the small dc-link drive is firstly provided. The voltage drop
caused by the commutation of the diode rectifier is considered
in the system analysis. Its influence to the system performance
is addressed. Then, the existing active damping methods are
summarized by providing their general system characteristic
equation, where the control parameter appears as an extra
adding term and the choice of the parameter value required to
stabilize the drive is system parameter and operating condition
dependent. Moreover, the extraction methods of the dc-link
voltage variation term are discussed. New extraction method by
using an adaptive band-pass-filter (BPF) with the help of a
frequency-locked loop (FLL) is suggested, where only neces-
sary dc-link voltage variation term will be damped and oper-
ating conditions with “healthy” (stable) dc-link voltage, such as
no-load or light load conditions, will not be affected by the
active damping control. Thereafter, a new way to achieve a
system positive dynamic damping factor, which changes the
“negative impedance” characteristics of CPL operation to
“virtual positive impedance” by voltage modulation, as briefly
discussed in [16] by the authors, is elaborated and extended.
The method is generalized by introducing two extra control
parameters to fully control the reference dc-link voltage used in
the space vector modulation (SVM). Superior to other methods,
the introduced control parameters appear as gain factors (rather
than an extra adding term) in the system characteristic equation.
Thus, the system can simply be stabilized by controlling the
sign of the control parameters, which does not require any
knowledge of system parameters and/or operating conditions in
implementation. The magnitudes of the control parameters
control the magnitude of the system damping factor. Further-
more, its influence to the total duty cycle (or modulation index)
of the two active vectors during each switching period is ana-
lyzed and over-modulation control is achieved. The strategy to
determine the values of the control parameters is summarized,
including optimal active damping control, minimization of total
duty cycle variation, or both. At last, the experiment results are
provided to validate the proposed methods and discussions
regarding the influence of the proposed methods to the machine
performance are given.

This paper is organized in the following manner. Section II
describes the system modelling and the active damping control

rha |

At
* R, =2R, L,=2L, iy Yie*

gd de
Vin C de vdc

#) iinv
(b)

Fig. 1. System circuit diagram of a variable frequency drive. (a) Full bridge
model. (b) Simplified model.

fundamentals. The general system characteristic equation of
existing active damping solutions are summarized and provided.
Then, the new voltage modulation based active damping
method is analyzed in details in section III. Finally, the method
is verified experimentally in section IV.

II. ANALYSIS OF SMALL DC-LINK DRIVE SYSTEM

The characteristics of the small dc-link drive system and the
concept of active damping methods are presented in this sec-
tion.

A. Analysis of Small DC-Link Drive

Fig. 1(a) illustrates the topology of widely used frequency
converter with a front-end diode rectifier. The non-linear
characteristics of the diodes and power switching devices make
it complicated to analyze the characteristics of the circuit. Thus,
the full bridge model is simplified and the equivalent system
model is described as illustrated in Fig. 1(b).

When the current from grid side iy, in the dc-link is kept
above zero, i.e. the whole rectifier is operating in continuous
conduction mode and the presence of the diode can be ne-
glected in the simplified model as shown in Fig. 1(b). The
effect of the front-end diode rectifier can be taken into consid-
eration by modifying the input voltage v;, accordingly. When
the effect of grid resistance (R,) and inductance (L,) can be
neglected, the commutation period of the diode rectifier from
one phase leg to the other is negligible and v;, can be expressed
as [3], [5], [17]:

W, (& 2
S Egeeen) 0

vin
T

n=1

where V), is the amplitude of the grid phase voltage, and w, is
the grid angular frequency. However, for situations that R, and
L, cannot be neglected, e.g. weak grid with large L, the
commutation period, where both three legs are conducting
[17]-[18], cannot be neglected and v;, cannot be solely repre-
sented by (1) any longer. The length of the commutation period
is L, and i, dependent, so as its influence to v;, [17]. Such
influence is represented by an equivalent non-ohmic resistance
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R, in some literatures [3], [5], [9], [18]. This is acceptable
when considering the influence on the dc component of v;, only
[18]. However, it is not suitable for the dynamic analysis, since
R, does not exist physically and the presence of R;, in the
circuit will increase the system damping factor. During the
commutation period, a voltage drop in v;, will appear, This
voltage difference Av;, can be expressed as [17]-[18]:

Av, =37, (sin(z/3)-sin(z/3+ w,1)), 0<t<T,.  (2)

The commutation period 7. can be calculated as [17]-[18]:

1 o 20)ng )
T, :zcos 1—\/§—Vlgd(tco) , 3)
g ph

where ig(t.0) is the grid current at the initial time instant of the
commutation. It can be seen that the value of Av,, is not L, and
izs dependent, however its existing time (commutation period)
is Ly and i,z dependent.

The inverter and the load are replaced by a current source, as
shown in Fig. 1 (b), to perform as the load of the dc-link. The
load current i;,, can be controlled to perform different types of
loads, such as resistive load, CPL, etc. When the motor draws a
constant power P;, the inverter current i;,, can be expressed as
(9], [12]:

. - P, P P P .
by = 1y + 1, = L= % L—= VL - VL2 Vie > (@)
Ve de T Vae de de

where [,,, and i,,, are the large and small signals of i;,,, V4 and
V4 are the large and small signals of v, respectively. The small
signal impedance can be defined as:

Zinv = i;dz‘/;lt'nv = _Vdf‘/ﬂ H (5)

which is a negative value.
The state equations of the simplified system shown in Fig. 1
(b) can be expressed as:

di
d .
‘ad égt = vin + Avin - Rgdlgd - vdc (6)
dv
de _
de dt‘ - lgd iy - (7)

The voltage drop Av;, is described by piecewise functions, i.e.

zero voltage outside the commutation period, non-zero voltage
during the commutation period as defined in (2). The above
state equations should be solved for each piecewise, where the
value of Av;, is not L, and i,; dependent.

By substituting (4) into (6) and (7), it can be obtained that:

dzvzd(-+ Ry PL2 dvy , 1 (l_RgdzPLjvdc
at \ L, CW2)d  L,C, V2

gd

— vin +Avin _ 2Rgd1)L
Lgdcdc Lgdcchdc

®)

It can be seen that Av;, only appears in the right side of (8).
Thus, it only influences the particular solution of (8). The val-

ues of T, and iz(t,) only influence the initial value of the
solution of each piecewise. The system stability is determined
by the common solution of (8), which is not affected by Av,,.
The characteristic equation of the second order system in the
Laplace domain can be obtained as:

JET (LT /R P {1_Rgdﬁ):o. ©
L 'gd Cdc Vdc L 'gd Cdc Vdc
ay N

According to Routh-Hurwitz stability criterion, the system is
stable when a,y and a,, are greater than zero. Normally, dec /Py
(representing the small signal impedance as (5)) is much greater
than R, i.e. ay is greater than zero. The system is stable if a;o>
0, which is the condition for normal frequency converters with
large electrolytic capacitors. However, it may be not true for
small dc-link drives. When the criterion a;¢>0 is not satisfied,
the dc-link voltage and grid currents will become unstable or
oscillating [6], [7], [12], and should be avoided. The resonant
frequency of the oscillation can be estimated as:

— 1 R,F, 1
), =.la,, = 1 - ~
’ . Lgd Cdv [ I/dzc L C

‘gd ~dc

(10)

B. Principle of Active Damping Control

To suppress the oscillation caused by the resonance between
the inductors (including both grid side and dc-choke if there is
any) and dc-link capacitors, it is straight forward to consider
using the machine windings (i.e. inductors) as extra energy
storage components to bypass part of the oscillating energy and
therefore limit the oscillations [16]. This can be achieved by
controlling the power drawn by the machine.

Taking the method from [9] as an example, a term propor-
tional to the dc-link voltage variation term V., i.e. the small
signal of dc-link voltage, is added/injected to the torque pro-
ducing current reference i;, which can be expressed as:

=1 +i =1 +g.7,. (11
where I; is the unmodified component, i.e. large signal of i; for
steady state operating conditions, and g;, is the gain factor of
g-axis injected current term. Similarly, a gain factor g;, can be
introduced to control the current injected to the d-axis.

It was supposed that the bandwidth of the current controller
is sufficiently large, so that the small signal of the real current
satisfies:

*

IR, =gV

(12)

It is known that the instantaneous power drawn by the ma-
chine can be calculated as:

(13)

3. . .
P :E(led +vi,).

. o~k . . . .
The influence of i, to iy, which is caused by cross-saturation,
. .. . vk, * .
is negligible since i, is small compared to /. Therefore, 7;,, can
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be linearized at V,. when v,./V,. approaches zero:

p_3 ¥ ¥ 1
==L ="V, - Li),+V ([ +i))———
" Vdc 2 (( ‘ n q) ‘ q( ! q)) V:iz‘ +i;dz‘
P 3V, -l 1,)g, P . P P .
~ 2L (q ol d)gq __Lz)vdpé_L_i_(g__li)Vdc (14)
Vie 2 Ve Va Ve Vie

The frequency of the small signals @, can be estimated by (10).
By substituting (14) into (6) and (7), it can be obtained that:

R _ 2
S2+ _gﬂ'+g PL/Vdc S+ 1 [1+Rgd(g—ié)]=0(15)
Lgd C LgdCdc Vd"

dc

a ay

11

Compared with (4) and (9), a new term g (defined in (14)) is

introduced in (15) by injecting a variation term i::. It can easily
be found that when

g2P V. (16)

ay; and a,; will be greater than zero and the system is stable.
The required minimum gain factor g, that is directly used in the
controller as (12) can then be obtained according to its rela-
tionship to factor g as given in (14). It can be found that g, is
system parameter and operation condition dependent. A similar
criterion can be obtained by repeating the above analysis when
injecting into the d-axis current reference.

In a real digital control system, the bandwidth of the current
loop is limited and the condition to achieve (12) can hardly be
satisfied. Therefore, instead of controlling the current refer-
ence, active damping methods based on the reference voltage
control are suggested [3]-[5], [11]-[13].

Similar to the above current injection method, voltage vari-
ation terms 7, and 7, are injected into the machine d- and g-axes

stator voltages to achieve positive dynamic damping coefficient.

The voltage variations terms are defined as [3]:

(17)

where g,; and g,, are the gain factors of d- and g-axes injected
voltage terms, respectively.
Similar to (14), i;,, can be approximated as:

Vd = gvd Vdc and Vq = quvdc 4

3 - - 1
=&=5((Vd +v ), +(, +Vq)1,,)V—

inv

Vdc dc vdc

P I +1 P . P P .
z_LJr(EM__é)vdc 2l (g-2Lyp, (19)
Vdc 2 I/dc V:ic V:ic I/dc

It can be observed that (18) has the same pattern as (14). The
system characteristic equation identical to (15) can be obtained.
Stability criterion same as (16) would be achieved and suitable
gain factors g,, and g,, can then be determined accordingly.

It can be found that existing studies have mainly focused on
the way of achieving dynamic positive system damping factors
by injecting extra current/voltage variation terms into the drive
system [3]-[12], i.e. by adding extra terms in @;; and a; to
make them positive values. The minimum gain factors in (12)

518
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Fig. 2. Composition of the dc-link voltage. (a) Small dc-link voltage v,. (b)
Top: dc part v,; middle: dc-link ripple voltage ¥, and rectified component
Vreer; bottom: de-link voltage oscillating term Vose;.

and (17) used in the controller need to be carefully determined
and they are affected by the system parameters and/or machine
operating conditions.

C. DC-Link Voltage Variation Extraction

The dc-link voltage variation, i.e. the small signal of the
dc-link voltage V. caused by the resonance between Cy, and Ly,
is required to perform active damping control to the small
dc-link drive system. It can be seen from Fig. 2 that the dc-link
voltage would contain three parts: the dc part (v,), the ripple
voltage (V,;,), and the oscillating term (V,;). Regarding the
input of the diode rectifier, the source voltage contains both the
dc part (v40) and the rectified component (¥,..,) as described in
(1). The presence of the dc-link will smoothen the rectified
component (V) to the ripple component (¥,;,) as shown in Fig.
2(b). For a small dc-link drive, ¥, will degenerate to V., rap-
idly as the load increases. Fig. 2(a) shows the small dc-link
voltage with C;=14 uF and L,=1.86 mH. The resonant fre-
quency is 697Hz according to (10). Thus the oscillating term
Vsei contains mainly 600 Hz component (for 50 Hz grid fre-
quency) as shown in Fig. 2(b), which is the frequency of the
second harmonic of V,,,,.

There could briefly be two ways to define the small signal 7,
that will be used for active damping control: including ¥, or
not. When 7,;, is included in V., the large signal V. only con-
tains the dc component (v,4) and can simply be obtained by
using a low-pass-filter (LPF). However, since 7, is included in
Ve, the active damping control will try to damp it as well. For
machine drive systems, this will result in large machine current
ripple at rectified frequency (300 Hz for 50 Hz grid). Large
torque ripple at the same frequency will be generated, which
may reduce the bearing lifetime and increase the machine
losses and noise level. Therefore, instead of damping both v,;,
and V., it could be a better choice to damp v,,; only, i.e. ex-
cluding 7, from v.

It is not straightforward when obtaining v, from v,.. How-
ever, due to the fact that ,;, approaches V.., rapidly as the load
increases for small dc-link drive, V.., was used to represent v,
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Fig. 3. Signal and spectrum of dc-link ripple voltage ¥,;, and its harmonic
components. (a) Very light load condition. (b) Heavy load condition.
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Frequency (Hz)

in many existing studies and several methods have been pro-
posed to estimate V.. (OF Vyeey=Vaeo t Vieer). In [12], a Luen-
berger-type source state estimator is built to estimate V..
However, besides the parameters of the small dc-link drive (e.g.
Cyc), the parameters of the grid (e.g. L,,) are required as well to
build the state equations and to tune the introduced gain matrix
correctly, which makes this method is not easy to implement in
applications and estimation error exists as well [12]. In[13], a
method based on phase-locked loop (PLL) and frequen-
cy-locked loop (FLL) trackers is introduced, which can calcu-
late V.., from v, by identifying the amplitude, frequency, and
phase angle of V... However, both the above methods may fail
to estimate the large signal V. correctly at no load or very light
load conditions, where the rectifier is no longer operating in
continuous conduction mode and ¥, cannot be represented by
Vyeer ANYMOTE.

An alternative method is to use the fundamental component
of j,,, which is a pure sinusoidal signal at the rectified fre-
quency (6w,), to approximate 7, [16]. This fundamental
component V., can simply be obtained by using a
band-pass-filter (BPF), such as a non-ideal proportion-
al-resonant (PR) controller [19]. The above mentioned ap-
proximation will introduce an error signal V..,, which mainly
contains the second order harmonic ¥, as shown in Fig. 3. The
error is small and it is acceptable.

Moreover, it is worth to note that the rectified frequency
(6w,) is required as the center frequency of the BPF. In order to
achieve a general and robust drive system, the FLL in [13] is
adopted to detect the real rectified frequency based on the
measured dc-link voltage v,. to achieve an adaptive BPF, so
that the possible phase shift caused by grid frequency drift can
be minimized when extracting ¥,;,;. Fig. 4 shows the perfor-
mance of the FLL. It can be seen that the detected rectified
frequency can follow the reference well, where the frequency
of the three-phase power supply changes from 94% to 106% of
50Hz, i.e. rectified frequency changes from 282Hz to 318 Hz.
The frequency error is about 0.2 Hz for 282 Hz. A PR controller
with a quality factor of five is used to perform as a BPF. The
phase shift around the center frequency (i.e. around 300Hz) is
about one degree per Hz. Thus, the phase shift is very small and

N
I 320 o
g 300 -’/
=
E 280
0 0.02 0.04 0.06 0.08 0.1 0.12
Time (s)

Fig. 4. FLL tracking performance for a frequency step change. Blue curve:
reference frequency; red curve: estimated frequency by the FLL algorithm.

negligible. Compared with the above methods in [12] and [13],
using an adaptive BPF is easy to implement without the re-
quirement of system parameters and can work properly in
various operating conditions.

Furthermore, regarding the conditions where v, can be
represented by V.., V. can be approximated according to (1)
after ¥,;,; has been obtained from the BPF. For example, v,
can be calculated as:

V0 = cos(120,1) = c, (2 cos’ (6,1) — 1)

=, (2(%1 Je) —1),

where ¢, is the coefficient of cos(6nw,t) as defined in (1). As
more components v, are included, the more accurate ¥, can
be approximated. However, using ¥, to represent V.. is
recommended, because:

1. The amplitude of ¥, is 7.2V for 515V dc-link (no
load condition for 220V grid phase voltage), which is
only 1.4%. Thus, ¥, should be good enough.

2. No extra calculations are needed.

3. The above estimation in (19) has the same problem as
the methods in [12] and [13], i.e. it is only valid for
conditions where V,;, approaches V...

(19)

III. PROPOSED VOLTAGE MODULATION BASED ACTIVE
DAMPING METHOD

Instead of achieving dynamic positive system damping fac-
tors by injecting extra current/voltage variation terms with
proper gain factors, the problem may be solved by another
method — changing the negative impedance Z,,, (as defined in
(5)) to a positive value. For example, by simply reversing the
sign of V. in (5), the impedance could “change” from negative
to positive. This reversing action changes the reference dc-link
voltage signal vy, as illustrated in Fig. 5. The reconstructed
de-link voltage signal (Fig. 5(c)) is further used to determine
the duty-cycles from the voltage commands when performing
SVM.

It is worth to notice that the natural behavior/characteristics
of the inverter with CPL cannot be really changed from the
negative impedance to the positive impedance. The essential
idea of the proposed method is still to control the instantaneous
power drawn by the machine. Thus, the inverter is no longer
facing a CPL, but a varying power load that contains both the
CPL and an extra oscillating component proportional to .. The
mathematical prove for achieving this important characteristic
by simply reserving the sign of ;. is given below.
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Fig. 5. Decomposing and reconstruction of reference dc-link voltage signal v:,‘.. (a) dc-link voltage vy (b) from top to bottom: large signal (V.), small signal ¥,

~ * . ~
and reversed V... (¢) reconstructed v with V. and reversed 7.

The load power P, can be calculated by the vector scalar
product as:

PL = vabc "l

abc

(20)

where v, and 7, are machine voltage and current vectors.

When the reference dc-link voltage signal vy, is recon-
structed from V. +v,. to V;.— 7, as shown in Fig. 5, the output
voltage vector becomes V... instead of v,,., which can be
calculated as:

— Voibe =

V,.+v
Vaberee = —25V,, e
y

=V
abc rec c abc
de Vda vdc‘

> 21)

Then the load power becomes P; ... instead of P;:

R 7o v, +V4L ) _PV +v,
L,rec — Vabe,rec ‘abe T abe  ‘abe T ’
V=", -,

c de c

(22)

de

The inverter current #;,, at load P, .. can be calculated as:

. T PL,rec _ PL P
inv — Tinv inv +—
v, V.

. (23)
c de Vdc V2 d

_";dc

Compared with (4), it can be seen that (23) has the same
pattern but the sign of v, term is reversed. The impedance of
the inverter with load P, .. now becomes positive. The system

characteristic equation becomes:

R P 1 R P
R e s [1+ gf‘f}o. (24)
Lgd Cdc Vdc Lgd Cdz' de'
_—
a, a4y

The coefficients a;, and a,, are now always larger than zero
and the system is always stable. Therefore, the system can be
stabilized by simply reversing the sign of ;. in the extracted
reference dc-link voltage signal, and a “virtual positive im-
pedance” of the system can be obtained.

The “virtual positive impedance” concept can be further
generalized by introducing gain factors ko and k, for control-
ling the dc deviations and variation components of the recon-

structed vy, from vy, respectively. The reconstructed dc-link
reference voltage can be expressed as vy =k Vy—k, V. It can
then be obtained that:

- P kP, .
i — [ +l.v ~ L v L 25
ny inv inv kvonC kfoni de ( )
s R o K f = s+ ! [1+ kvlfgd? ] =0. (26)
Lgd Cdc kvOV Lgd Cdc kvOVdc
|
ag; 3

According to Routh-Hurwitz stability criterion, it can be
found that:
1. When £,>0, the coefficients a3 and a,; are always
greater than zero, and the system is always stable.
2. k=0(.e. Vie= Vi) 1s already sufficient to stabilize the
system.

k,=k,=1 represent the condition illustrated in Fig. 5.

4. Increasing k, can increase a;3 and a,3;, and thus in-
creasing the damping effect, so that the variation parts
such as V. can be suppressed further. But the machine
performance might be sacrificed when too much os-
cillating energy is injected into the machine.

5. When k,=-1, i.e. V. is not reversed and a negative
impedance is present, the increase of k,y will increase
a,; and the system can be stabilized till a;3>0. How-
ever, the determination of k,y requires the knowledge
of system parameters and operation conditions, which
is not convenient in the implementation. Furthermore,
a3 is always smaller than R,,/L,, no matter how large
ko is, which means the maximum damping factor is
limited.

6. When k,>0, reducing k,, will increase a3, and thus
increasing the damping effect to ;.. However, it will
result in the situation that the large signals of the
commanded reference voltages are lower than that of
the real machine voltages, which would cause diffi-
culties when applying state observers to estimate e.g.
machine flux linkage, speed and position.

(98]
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Considering the limitations discussed above in items 5 and 6,
it is recommended to achieve active damping control by ma-
nipulating k,, while keeping k, to one.

A. Over-modulation Control

When the dc-link voltage is varying and used in the SVM,
over-modulation may occur for rated machine voltage outputs.
The situation when the machine voltage vector is located in the
middle of each 60° section during the SVM is considered as the
worst case, since the required total duty cycle of the two active
vectors during each switching period reaches its maximum at
this position. When there is no active damping method im-
plemented, the total duty cycle D, can be calculated and line-
arized as:

2
v, 1 2 24
D} = |L 23| - =T, |=A-55, . (27

’ vdc'/ \/g (d q) dec Vdi “ Vdc “ ( )

where A:3(v§ +v:)/ Vi.. The total duty cycle varies as dc-link
voltage varies for a fixed output voltage, due to the oscillation
term v,.. When the amplitude of the machine voltage vector is
high, over-modulation may occur when the varying v, reaches
its local minimums. The maximum allowable amplitude of the
machine voltage vector will then be sacrificed.

For the “virtual positive impedance” method, the voltage
vector in the rotor reference frame under the reconstructed v,
can be expressed and linearized as:

_ _ v, ko +k, -
Vi =PV zﬁ(l+Mvva,

e 28
abe,rec k kVOVdc ( )

v0

where P is the dg transformation matrix.

To simplify the analysis, let k=1 according to the previous
recommendation. The total duty cycle D; under the active
damping control can be calculated and linearized as

_ 2
v
2 dq1|
D

. Vdc/\/g

It can be observed that:

1. when k,=0 (i.e. Vo= V4, the total duty cycle is not
influenced by the real dc-link voltage, which is obvi-
ous;

2. when k,=1, the variation term in (29) has opposite
sign of that in (27). v, has normally a symmetrical
positive and negative periods; but the peak value of 7,
in (29) is reduced due to active damping control and it
results in a reduced maximum duty cycle for (29).

Therefore, it is easy for the voltage modulation based “vir-
tual positive impedance” method to control the variation of the
total duty cycle, and achieve the active damping control with-
out sacrificing the maximum allowable amplitude of the ma-
chine voltage vector. The value of the gain factor &, has clear
meanings:

1. k>0 to achieve active damping; the larger the value of
k,, the larger the value of the “virtual positive im-
pedance” and the more damping effects;

2
I+k, - 24, .
:Dg[l"rV—LVch zA"‘V_kdew (29)

dc dc

Rectifier Inverter
Three-phasc—f"’m—{LH 1=
Voltage —"""’“"\—ixlb— 2§ v, —e& (@
Source  —""""—3p —|— —
17

M

Fig. 6. System block diagram of small dc-link SynRM drive with “virtual
positive impedance” active damping method and field-oriented-control.

Fig. 7. Picture of the test setup of small dc-link SynRM drive.

TABLEI
MOTOR PARAMETERS

Synchronous Reluctance Machine

Rated power 5.5kW Rated frequency 50 Hz

Rated voltage 353V Power factor 0.69

Rated current 139A Stator resistance 0.38 Q

Rated speed 1500 rpm  Inertia 1.9 x 107 kg-m”
Rated torque 350N'm  Pole pairs 2

2. k,=0to reduce the over-modulation caused by varying
dc-link voltage; increasing &, will increase the over-
modulation range; k,=1 has smaller over-modulation
range than that experienced in the situation of no ac-
tive damping.

It should be noted that v, decreases as k, increases. The
amplitude of the equivalent injected voltage term (28) will have
a “saturated” value. Thus, infinite &, will not help too much in
the active damping control. In contrast, it may cause large
transient or even stability problem when the dc-link voltage
faces a sudden change, e.g. at step load condition. It can be seen
in the experimental verification part that the oscillation terms
can already be effectively damped when k,=2.

IV. EXPERIMENTAL VERIFICATIONS

The system topology to investigate the proposed “virtual
positive impedance” active damping method is illustrated in
Fig. 6. It can be seen that the dc component v, is obtained by
using a LPF. The component at the rectifier frequency v,
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Fig. 8. Experimental results at 1500rpm 13.9 A load without active damping
control. (a) Waveforms, top: dc-link voltage; middle: grid current; bottom:
machine current. (b) Spectrum from 50 Hz to 900 Hz.

which is 300Hz for 50Hz grid, is obtained by using a PR con-
troller as discussed in section I1.C, and £k, is used to control
whether 7;,;,; should be included in the small signal V. or not.

Fig. 7 shows the experimental platform. The small dc-link
drive mainly includes a modified 7.5kW converter and a 5.5
kW SynRM. A 14 pF film capacitor has been mounted to serve
as the dc-link. A three-phase line reactor is used to simulate the
soft grid, and the input phase inductance is estimated to be 1.86
mH. The converter parameters are the same with those in sec-
tion II.C. Thus, for 388V, 50Hz grid, the oscillating term v,,;
contains mainly a 600 Hz component. The parameters of the
SynRM are given in Table I.

Fig. 8 shows the performance of the small dec-link drive at
machine rated operating condition (13.9 A load at 1500 rpm)
when no active damping control is applied. It can be seen that
there is a 600Hz oscillation term in the dc-link voltage as well
as 550Hz and 650Hz terms in the grid current. The grid current
THD and PWHD are 66.0% and 74.3% respectively, which are
high and not acceptable. Damping methods are required to
stabilize the dc-link voltage and reduce the harmonics in the
grid current.

Fig. 9 and Fig. 10 shows the experimental results of the
proposed active damping control at 1500rpm 13.9 A load with
two selected control configurations. The performance of the
“virtual positive impedance” active damping control (as illus-
trated in Fig. 5) is shown in Fig. 9. Compared with the per-
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Fig. 9. Experimental results of active damping control with k,;,=0 and k,=1 at
1500 rpm 13.9 A load. (a) Waveforms, top: dc-link voltage; middle: grid
current; bottom: machine current. (b) Spectrum from 50 Hz to 900 Hz.

formance without active damping (as shown in Fig. 8), it can be
seen that the voltage and current oscillations caused by the
resonance are greatly damped. The grid current THD is reduced
from 66.0% to 37.3% and the PWHD is reduced from 74.3% to
34.0%. The machine current THD is increased from 5.3% to
10.5%, mainly due to the presence of 300+ 50Hz terms caused
by the intention of damping 7, in the dc-link voltage.

As discussed in section III, the oscillations can be further
damped by increasing the gain factor k,. Fig. 10 shows the
performance of the proposed method with k,;,=1 and k,=2. The
grid current THD and the PWHD values are reduced to 39.5%
and 41.4% respectively. The machine current THD is reduced
to 4.8% even for higher k, value since V,,, is excluded from ¥.

Tests were carried out with different control configurations.
Table II summarizes the steady state performance of the “vir-
tual positive impedance” active damping control with different
control configurations when the machine is operating at 1500
rpm 13.9A load. It can be seen that when constant V. (k;,=0
and k,=0) is used to serve as reference dc-link voltage in the
SVM, the oscillations can be damped already, which validates
the discussions given in section III. When k., =0 i.e. i, is
included in v, the machine current THD increases to 10.5%
with the active damping control of k,=1. While for k,;,,=1, the
machine current THD reduces to 4.2% for the same damping
gain factor. Thus, from the machine performance point of view,
it is highly recommended not to compensate 7,;,. An appropri-
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Fig. 10. Experimental results of active damping control with k,;,=1 and k,=2

at 1500 rpm 13.9 A load. (a) Waveforms, top: dc-link voltage; middle: grid
current; bottom: machine current. (b) Spectrum from 50 Hz to 900 Hz.

TABLEII
ACTIVE DAMPING CONTROL PERFORMANCE AT 1500RPM 13.9A LOAD

Control Ve Viesoo ° Viesoo ¢ Grid Grid Machine
configurations  variation * (V) V) current  current  current

V) THD PWHD THD
No damping 252 533 72.6 66.0% 743% 53%
kip=0,k,=0 147 53.1 29.0 404% 393% 6.4%
kyip=0,k,=1 118 53.1 140 373%  34.0% 10.5%
kip=1,k,=0 160 56.8 334 442%  46.5%  3.9%
kip=1,k,=1 135 57.8 19.9  40.6% 434% 42%
kip=1,k,=2 126 58.4 145 395% 414% 4.8%

“ Peak-to-peak value of the voltage variation term ¥,
® Amplitude of 300 Hz component of ¥,
¢ Amplitude of 600 Hz component of

ate estimation of ¥, is important as discussed in section I1.C.
The oscillations caused by the resonance can be further damped
by increasing the value of k, if lower grid current THD and
PWHD are expected.

Furthermore, it can be seen that the machine current THD is
even lower when only the oscillation term of the dc-link voltage
(i.e. 600Hz component) is damped compared with the perfor-
mance when no active damping control is applied. This is be-
cause that the measured dc-link voltage used in the SVM cal-
culation is different with the dc-link voltage at the inverter
voltage output time instant, which is due to the time delay
caused by the digital controller [15]. Such imperfect dc-link
voltage feedforward compensation will be amplified by the
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Fig. 11. Experimental result of the transient performance when enabling the
active damping control (kr,pZI and k,=2) on-line at 1500 rpm 13.9 A load

condition. Waveforms, top: dc-link voltage; middle: grid current; bottom:
machine current.
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Fig. 12. Experimental results at step load (from no-load to 13.9 A load)
conditions with active damping control (k,;,=1 and k,=2). Waveforms, top:
de-link voltage; middle: grid current; bottom: machine current. (a) At 1500rpm.
(b) At 300 rpm.

large dc-link voltage oscillation term and result in high machine
current ripples. The damped dc-link voltage oscillation term
will help to reduce the machine current ripples to achieve even
better machine performance.

Besides the steady state performance of the proposed “virtual
positive impedance” active damping control, the system tran-
sient performance at selected operating conditions are shown in
Fig. 11 and Fig. 12 to illustrate that the proposed active
damping technique is able to handle various operating condi-
tions properly. Fig. 11 shows the system transient performance
when enabling the active damping control (k.;,=1 and k,=2)
on-line at 1500rpm 13.9 A load condition. It can be seen the
proposed active damping method can damp the de-link voltage
fast and effectively without generating additional large transi-
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ent. Fig. 12 shows the system transient performance under load
step change condition (from no-load to 13.9 A load) at 1500rpm
and 300rpm respectively, when active damping control (,;,=1
and k,=2) is enabled. It can be seen that the proposed active
damping method can handle the step load change well without
generating additional large transient. Moreover, it is worth
noting that the dc-link voltage variation term 7, is small at
no-load conditions and it increases to v, as load increases (as
discussed in section II.C Fig. 2). The proposed dc-link voltage
variation extraction method will use a signal close to ¥, rather
than V., for de-link voltage variation extraction as illustrated in
section II.C Fig. 3. Thus, the dc-link voltage at “healthy” (sta-
ble) operating conditions will not be affected, and the machine
current will not be distorted since the dc-link voltage under this
condition is not forced to be compensated to a signal close to
Vet With the proposed active damping technique.

V. CONCLUSION

In this paper, the characteristics of the small dc-link drive
system are analyzed and the concept of system active damping
control is summarized. The extraction of the dc-link voltage
variation term, which is one of the key steps in implementing
active damping control, is discussed in details. A new method is
proposed to estimate the rectified voltage term, which is based
on its fundamental component obtained by simply using an
adaptive BPF (e.g. PR controller) with the help of a PLL. It is
recommended to approximate the dc-link ripple voltage by its
fundamental component, which is suitable for various operat-
ing conditions and can provide satisfactory results.

More importantly, a new way to stabilize the small dc-link
drive system, which has been named as “virtual positive im-
pedance” method, is introduced and verified. This method
ensures the system stability without the need of obtaining the
compensation factors dynamically according to the system
parameters and operating conditions. The damping effects can
be controlled by simply introducing a gain factor to the voltage
variation term. The experimental results show that with the
proposed method and the gain factor set to two, the grid current
THD has been reduced from 66.0% to 39.5% and the PWHD
from 74.3% to 41.4%, even with the extra benefit that the motor
current THD has been reduced from 5.3% to 4.8%. Moreover,
the analysis of the voltage modulation based “virtual positive
impedance” active damping method shows that it can provide
an easy control to the variation of the total duty cycle caused by
the varying dc-link voltage. Thus, it is possible to limit or even
eliminate the loss of the maximum allowable amplitude of the
machine voltage vector, so that the operating range of the drive
system can be maintained.
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