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DAVIC: A New Distributed Adaptive Virtual
Impedance Control for Parallel-Connected Voltage
Source Inverters in Modular UPS System

Baoze Wei
and Juan C. Vasquez

Abstract—TIn this paper, an average active power sharing control
strategy based on the distributed concept for the parallel operation
of voltage source inverters is proposed to be applied to the mod-
ular uninterruptible power supply (UPS) systems. The presented
method is named distributed adaptive virtual impedance control
(DAVIC), which is coordinated with the droop control method. Low
bandwidth CAN-based communication is used for the requirement
of data sharing of the proposed method in the real modular UPS
system. Unlike the conventional virtual impedance control tech-
niques, the virtual impedance of a converter module is adjusted
automatically by using global information when DAVIC is applied,
further to tune the output impedance of the power modules. The
adaptive virtual impedance is calculated by using the difference
between the active power of a local module and the average active
power of all the modules in a modular UPS. The DAVIC over-
comes the drawback of the conventional virtual impedance control
since an accurate value of the real output impedances of different
converter modules is not required. Simulations using PLECS and
experiments on a real commercial modular UPS are developed to
verify the effectiveness of the proposed control methodology. These
results shown a superior power sharing performance is obtained
when using the proposed method.

Index Terms—Adaptive virtual impedance, circulating current,
droop control, modular uninterruptible power supply (UPS)

system, power sharing.

HE microgrid concept has been proposed several years
T ago to meet the requirement of the increasing penetration
of renewable energy resources into the grid [1]. In the past
few years, the study of microgrids has attracted more attention
for its reliability and flexibility due to the use of cooperative
control of different distributed generators (DGs), energy storage
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Fig. 1. Typical configuration of a modular UPS.

systems, and local loads [2]-[5]. Typically, DGs use inverters
for interfacing renewables and power systems [6]-[9]. Thus,
the power converter control of DGs in a microgrid is about the
control of several parallel-connected inverters.

Alternatively, the uninterruptible power supply (UPS) sys-
tems are often based on voltage source inverters (VSI) to pro-
vide power to the critical loads, such as data centers, telecom
systems, and so on [10], [11]. In order to obtain a higher re-
liability, the modular UPS concept appears in the 1990s [10].
Similar to the microgrid, it contains several converters that are
connected in parallel forming a modular UPS architecture. The
modular concept has some advantages, such as increasing the
power capacity regardless of the limited power rate of switching
devices, increasing the flexibility, reliability, and maintainability
of power supply systems to meet the requirements of customers.
Further, some redundant power modules will be equipped in
the modular UPS to ensure high availability, which is called
N+X configuration (N parallel + X redundant modules) ap-
plied by some UPS design and manufacture companies such
as ABB, Delta, AEG power solutions, STATRON, among oth-
ers [10], [11]. Fig. 1 shows a typical configuration of a modular
UPS. Each module can be controlled independently since it con-
tains all the components needed for operation, such as the ac/dc
and dc/ac converters, static bypass switch, and a full functional
control unit.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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The control method applied to the control of DGs in the mi-
crogrid can be transferred to the modular UPS system [12]-[15].
In the recent years, the most common method that used for the
control of parallel-connected converters within a microgrid is
based on decentralized droop characteristics, which have been
identified as effective approaches [16]-[18]. The droop control
is widespread due to its attractive features, such as expandability,
modularity, redundancy, and flexibility [19], [20]. It performs
the wireless control of multiparallel inverters and is more conve-
nient to implement the decentralized control of DGs in a power
plant. However, the performance of the droop control is greatly
influenced by the unbalanced output impedances of the convert-
ers [2], [9]. Then, the virtual impedance is proposed to adjust
the output impedance to decouple the active and reactive pow-
ers [2], [12], [17], [20], [21]. However, it is difficult to design
a proper virtual impedance in a practical paralleled inverters
system since the control parameters and the working conditions
will influence the output impedance [2], [22]. With poorly de-
signed virtual impedance, the overall performance cannot be
guaranteed, especially the average power sharing requirement
for the modular UPS.

For the purpose of improving the performance of the con-
ventional droop plus virtual impedance loop framework, the
adaptive virtual impedance control has been proposed in several
research works [22]-[26]. The output impedance is commonly
adjusted to be inductive in accordance with the conventional
droop function, in which the active power can be controlled by
the inverter frequency while the reactive power can be regu-
lated by the output-voltage amplitude. In [23] and [26], reactive
power sharing methods based on adaptive virtual impedance
were presented; the adaptive virtual impedance was obtained by
the difference of the reactive power between the parallel DGs.
For example in [22], the adaptive inductance was calculated
by detecting the circulating current between the parallel invert-
ers, while at the same time, it should monitor the change trend
according to the differential of the circulating current to time.

Different from the applications proposed in the existing lit-
eratures, the control strategy introduced in this paper is to be
applied into a commercial modular UPS based on parallel in-
verters terminated with LC filters. Unlike the grid-connected
applications, an LC filter is applied instead of LCL filter, which
can lower the cost and increase the power density with a smaller
volume. In addition, the second target is to maximize system
flexibility, so that it should work as a three-phase system, but it
should be able to operate as a single-phase or two phases system
as well. Thanks to this flexibility, maintenance becomes easier
and single-phase tests are feasible, which are important features
of such a product. The control under three-phase stationary co-
ordinates is implemented for this purpose, which can reduce
the overall resource consumption of the digital signal processor
(DSP) since the coordinate transform is not required.

For the modular UPS project, particular control strategies
should be developed. The basic control diagram is based on the
decentralized droop and the virtual impedance control. Consid-
ering the LC filter and the purpose of simplifying the control
scheme as mentioned above, the reverse droop (P-V and Q-f
scheme) function is adopted instead of the conventional droop
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method (P-fand Q-V scheme) [12]. For the requirement of resis-
tive output impedance, a virtual resistance loop is adopted. How-
ever, with the virtual impedance only, it is not enough to reach
another important target, which is the average active power shar-
ing between the power modules. Note that a poor power sharing
performance will lead to serious circulating current problem
and may cause different current stress on the switching devices,
then significantly decrease the system efficiency and lifetime of
modules whose output power are higher. Further, direct currents
flowing from one module to another may cause active power
absorption in some modules, which may contribute to dc-link
voltage raises in UPS’ with unidirectional rectifiers [33]. Hence,
average active power sharing is necessary when considering
modular UPS’.

In real applications, like the modular UPS, even though using
the same models, there is an unavoidable mismatch between
output impedances of the converter modules that may produce
differences between them. In addition, offsets and gain errors
may occur in the analog acquisition of the currents and voltages,
while DSP clocks also present frequency drifts due to imper-
fection, which result in active and reactive power inaccuracies.
Further, these differences will cause problems in some cases,
such as the preset value of the virtual impedance and voltage
references, which are considered in this paper, and will influence
active and reactive power sharing between the parallel modules.

In order to solve the above-mentioned issues, this paper
presents a new distributed adaptive virtual impedance control
(DAVIC) strategy. The adaptive virtual impedance is calculated
by the difference between the local active power of the module
and the average active power of all the modules, then it is added
to a preset virtual impedance to tune the output impedances of
the power modules. With the proposed DAVIC, the total virtual
impedance is not a constant value; it will be adjusted auto-
matically by the difference of local active power and average
active power of all the modules. It can be sure, at any time,
the total active power can be average shared between the par-
allel converters, so there will be no current flowing from one
module to another to keep the safety of the dc links. The active
power information is being shared through the low bandwidth
CAN bus on the real UPS system for the realization of the dis-
tributed control, which can improve the reliability of droop con-
trol and solve the single point failure of the centralized control
fashion [27].

Compared with the conventional virtual impedance control
and the existing adaptive virtual impedance control, the contri-
bution of this paper is to propose an adaptive virtual impedance
control for a modular UPS product. With the proposed method,
it can reduce both the cost of the power plant and the control
unit by choosing a cheaper digital controller. Simulations using
PLECS and experiments on a real modular UPS platform have
been developed. In both the simulation and experiments, unbal-
anced set of virtual impedances are intentionally programmed in
order to simulate different output impedance values of different
power modules and to imitate the inner offset of the DSPs.

The rest of this paper is organized as follows. In Section II,
the concept of the traditional droop method and the virtual
impedance loops are briefly introduced. In Section III, the idea
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Fig. 2. Equivalent circuit of a VSI connected to an ac bus.

of the proposed DAVIC is introduced, the design guideline of the
adaptive virtual impedance control parameters and the stability
analysis are also provided. In Section IV, simulation results are
presented, which verify the effectiveness of the proposed ap-
proach. Experimental verification in an industrial modular UPS
platform is presented in Section V. The conclusions are given
in Section VI.

II. REVIEW OF THE CONVENTIONAL DROOP METHOD
AND THE VIRTUAL IMPEDANCE CONTROL

In this section, the basic concept of the droop and virtual
impedance framework is reviewed. This is one of the most pop-
ular ways of control the paralleling UPS inverters [3], [9], [12],
[13], [18]-[22]. Each of the inverters operate as a voltage source.
In order to analyze the conventional approach, a VSI connected
to an ac bus can be simply drawn as in Fig. 2. Thus, the power
injected into the ac bus from the VSl is given by [28], [29]

o Evpcc Vp002
P—?COS(Qng)*TCOSQ (1)
E cc )('(‘2 .
Q= ‘; sin(@—go)—vi” sin ¢ ()

where E and V. are the amplitude of the inverter output voltage
and the ac bus voltage, ¢ is the power angle of the inverter, and
Z and 6 represent the amplitude and the phase of the output
impedance. Conventionally, the output impedance is considered
highly inductive, which is often obtained with a large filter
inductor connected to the ac bus [30]. In this case and assuming
that the output impedance is purely inductive (6 = 90°), the
active and reactive power expressions can be simplified as

EVpee ..
P:?psmga 3)
EV, Vieo?
Q:%cosgo—%. )

The output impedance of the closed-loop inverter determines
the droop control strategy [12]. Normally, the power angle ¢
is very small, (sin ¢ =~ ¢, cos ¢ ~ 1), then the active power P
is mainly related with ¢, and the reactive power Q is mainly
influenced by the voltage error (E — Vi) [12], [23]. Thus, the
conventional droop scheme P —w and Q — V' is often used,
so that the voltage and frequency droop functions are given as
(2], [12]

E=FE —m,Q (5)
w=w"—m,P (6)

in which w* and E* represent the frequency and voltage am-
plitude references, respectively, m, and m, are the droop
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coefficients [2], [8], [12]. Similarly, for a highly resistive out-
put impedance (f = 0°), the active and reactive power can be
calculated as

EVyee Vi '(’2
P="2%cosp— 71[’2 (7
EV 002 .
Q=- ; sin ¢. (8)

Different from the conventional droop, the droop function
should be modified as [12], [31], and [32]

E=FE"—m,P )

Thus, the active power can be controlled by the inverter
output-voltage amplitude while the reactive power can be regu-
lated by the inverter frequency, which is the opposite strategy of
the conventional droop, it is also named as reverse droop [31],
[32]. More details about the choice of droop function and the
analysis of output impedance can be found in [12], [28], [33],
[35], and [36].

As the output impedance plays an important role for the
choice of the droop function, and for the conventional droop
control scheme, a highly inductive output impedance is required
to decouple the influence of P and Q to the frequency and voltage
amplitude [12], [28]. Typically, an LCL filter will be connected
the inverter to the common ac bus. As discussed in the intro-
duction, virtual impedance can be added to adjust the output
impedance. The parallel three-phase inverters considering the
output impedances can be simplified as Fig. 3 because of the
similar principle of three-phase and single-phase inverters.

In Fig. 3, Z; and Z, are the output impedances of the two
parallel inverters, respectively, Z; is the load impedance, E;
and F, are the output voltages of the two inverters, /; and [y
are the output currents, F, is the common as bus voltage, and
1, is the load current. In a practical system, Z; and Z, will
be unbalanced because of the different values of filters and line
impedances or stray parameters. According to the literature [34],
the circulating current can be defined as

L -1
Ly = . 11
5 (1)
As shown in Fig. 3, the following equations can be written:
El - Eo
LH=-—"° 12
1 7 (12)
E, - E,
Iy = ———. 13
2 Z (13)

Assuming that the output impedances of the parallel inverters
are equal to each other, 7, = Zy = Z, then substituting (12),
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Fig. 4. Equivalent circuit of two parallel inverters with virtual impedances.

(13) into (11) gives us
E, — Ey
27Z

Based on the former analysis, if the output voltages and the
output impedances of the parallel inverters are equal to each
other, respectively, the circulating current can be eliminated to
obtain the target of average power sharing. The equivalent circuit
of two parallel-connected inverters with virtual impedances is
shown in Fig. 4, Z,;;1 and Z,;,9 are the virtual impedances

Icir - (14’)

Zvirk - jXViI'k + Rvirk (15)

Equation (15) depicts the virtual impedance for the kth in-
verter in a system. The virtual impedance can be purely resistive,
inductive or a combination with two of them based on the output
impedance differences between parallel inverters.

III. DISTRIBUTED ADAPTIVE VIRTUAL IMPEDANCE
CONTROL (DAVIC)

A. Proposed DAVIC Method

In the UPS project that discussed in this paper, the LC filter
is applied instead of an LCL filter, then the line impedance is
mainly resistive in the low-voltage line [35], [36]. Thus, in co-
herence with the line impedance, a virtual resistive impedance
is selected, consequently the reverse droop (9), (10) is imple-
mented. For the purpose of improving the active power sharing
accuracy between parallel converter modules, an adaptive vir-
tual impedance control is proposed, which is realized by using
a distributed control concept as shown in Fig. 5. The adaptive
virtual impedance is calculated by the difference between the
active powers between the power modules in the UPS. In that
figure, Ryirpre 1S the preset virtual impedance; Ry aqp is the
adaptive virtual impedance, so that the final virtual impedance
per power module will be Ryiy pre + Ryir_adp-

Assuming that there are a number of n power modules that
operate in parallel in a modular UPS, the control scheme con-
sidering the adaptive virtual impedance control is shown in
Fig. 5. The calculation of the adaptive virtual impedance can be
expressed as

Rvir,adp = (-P7 - Pav) <KPadp +

Kladp 1 d
Py =— F;.
s ’ n ;
(16)

The local active power P; (i = 1 to n) will be compared
with the average active power P,, of the paralleled modules in
the UPS. Then, through the PI controller, the adaptive virtual
impedance Ry adpi (i = 1 to n) is obtained. The reason of F; in
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the position of minuend is that, suppose that P; is higher than
the average active power of the parallel-connected modules, it
means the virtual impedance of the ith module should increase
to reduce the output power of F;. In Fig. 5, Ryj;_aap; Will be pos-
itive through the calculation using (16), so the final total virtual
impedance of ith module will increase, which demonstrates the
correct compensation direction. The whole control diagram of
a modular UPS with the proposed adaptive virtual impedance
control is shown in Fig. 6.

B. Design of the Control Parameters of the Adaptive
Virtual Impedance Loop

In order to give a design guideline of the parameters of the
adaptive virtual impedance control, a simple model consider-
ing two parallel-connected inverters is built, which is shown
in Fig. 7. Rp; and Rpo represent the virtual impedance,
which consist the adaptive virtual impedance. Rjine; and Ryines
represent the line impedances, only resistive line impedance
is considered since it is mainly resistive in low-voltage line
[35], [36].

Based on Fig. 7, when considering both of the adaptive vir-
tual impedance and the line impedance, (12) and (13) will be
changed as

FE,—E,
[ =—" 17
! RDI + Rlinel ( )
By, — E,
= —F"—-——-. 18
’ RD2 + RlincZ ( )
If I} = I, the following is obtained:
FE, — E, Ey, — FE, (19)

Rpi+ Rinet  Rpa + Riine2
Ey—E, Rpi+ Rinel
Ey—E, Rps+ Rines
_ (P1 — Piv)(Kpadp + Kradp/s) + Rpret + Riiner

B (P2 - Pdv)(KPadp + KIadp/S) + Rpre? + Rline2 ’
(20)

We consider o1 and Rijner as one parameter 21, fpre2,
and Rjine2 as Ryo; (Ey — E,) and (Fy — E,) are represented
by dp1, 0go, respectively; dp; and dpy are used to substitute
(P; — Py) and (P, — P,y). Then, (20) will be rewritten as

Op1 _ Bpi+ Riner _ 0p1(Kpadp + Kradp/s) + R
dg2  Rpa+ Rine2  0p2(Kpadp + Kradp/s) + Riz’
(21
From (21), the following relationship will be obtained:
dg1 = 0p1(Kpadp + Kradp/s) + R (22)
dps = 0p2(Kpadp + Kradp/s) + Ri2. (23)

In order to simplify the design, we consider only proportional
control first, and R;; = Rj» = 0 in ideal condition. Thus, (22)
will be rewritten as

01 = dp1 Kpadp- (24)
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Fig. 7. Equivalent circuit when two inverters connected in parallel.
Control part
The virtual impedance loop Power plant
Ve(s)

Fig. 8. Linear model of voltage and current control loops with virtual
impedance.

Thus, with (25), we can calculate Kp,qp, in which Vs repre-
sents the reference voltage, 1) is a number of percentage, which
represents the maximum difference between the real output volt-
age and the reference voltage that allowed for safety running of
the system; and Py, is the maximum power of each power
module

6E71 _ ‘/;efn
6P1 Rnax/B.

In the modular UPS project that discussed in this paper, the
allowed maximum of 7 is 2%. The maximum active power Py«
for each module in the simulation is 10 kW. Thus, in the extreme
condition, for each phase, Kp,q, can be calculated as 0.00138.
Normally a low-pass filter S:L’; p is implemented with the power
calculation, in which wy is the cutoff frequency that normally
smaller than a decade of the fundamental frequency [20], [33].
Based on the experience relationship between proportional and
integral parameter, K7,qp €quals to Kiid‘, T 1S a time constant,
here it mainly comes from the low-pass filter. In this paper,
the cutoff frequency is selected as 2 Hz, then Kr,q, will be

obtained as

KPadp = (25)

0.00138
1/2

Thus, with (25) and (26), we can calculate the approximate
control parameters for the proposed DAVIC. It should be noticed
that optimized parameters will be obtained further based on the
simulation and experiments. The control parameters that used in
the paper are shown in Table I, it can be seen that the optimized
parameters for the DAVIC are close to the calculated values.

KPadp

Kladp = - = = 0.00276.

(26)

C. Selection of Virtual Impedance and the Stability Analysis

Since the output impedance will influence the performance of
the droop characteristic, it is necessary to analyze the selection
of virtual impedance by using the proposed DAVIC method. A
limit of the total virtual impedance will be set in the controller to
guarantee the stability of the system. The linear model of voltage
and current control loops without virtual impedance is shown
in Fig. 8, in which, Gy (s) and G (s) represent the voltage and
current controller, respectively.
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TABLE I
ELECTRICAL AND CONTROL PARAMETERS IN SIMULATIONS AND EXPERIMENTS

Coefficient Parameter Value
Voltage reference Vie 230 V/50Hz
(RMS)
Filter inductor L 200 uH
Filter capacitor C 60 uF
Equivalent resistor of rL 0.0628 Q
filter inductor at 50Hz
Voltage proportional Kpy 0.8 AV
controller
Voltage resonant Kry 1000 As/V
controller
Current proportional Kpr 1.25 V/A
controller
Current resonant Kri 600 Vs/A
controller
Preset virtual Rp 0.5Q
impedance
Active power droop mp 0.00005 V/W
coefficient
Reactive power droop mo 0.00001 Hz/Var
coefficient
Proportional controller Kpagp 0.002 V/IW
of the adaptive virtual
impedance control
Integral controller of Kiadp 0.004 V/Ws
the adaptive virtual
impedance control
Proportional controller Kpsee 0.01
of the secondary
control
Integral controller of Kisee 3.2
the secondary control
Total load power in the - 20 kW
simulation
Total load power in the -- 24.75 kW
experiment
Digital controller -- TMS320F28377D
Normal T. 20 ms

communication cycle
for data exchange
between power
modules

Defining the voltage and current controllers as

KRvs
Gy (s) = Kpv + 1o (27)
KRIS
G[(S):Kp[+52+w2. (28)

From Fig. 8, the close-loop transfer function of the conven-
tional voltage and current control without the virtual impedance
loop can be derived as

Vo (s) = G(s) - Viet(s) — Zo(s) - I, (s) (29)
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in which, Z;(s) represents the output impedance

As® + Bs*+ Ds* + Es>+ Fs+ G

Zo(s) = ast +bs® +cst +ds? +es? + fs+g G0
being
A=1L
B=rL+ KpiKpwu
D =2w"L + Kpr Kpwu
E =2wrL 4 20* Kp Kpww
F=w'L+wKpKpwu
G =w'rL +w'Kpr Kpwu 31

a=LC
b= (rL+ KprKpwwu)C
¢=2wLC + KriKpwnC + Kpy Kpr Kpwu + 1
d = 2w*rLC + 2w*CKp Kpwy + Kpv Kri Kpwu
+ Kry Kpr Kpwu
e =w'LC + w’ K Kpwn + 2w” Kpy Kpr Kpwu
+ Kry Krr Kpwu + 2w°
f=uw'CrL +w'CKpKpwy + W Kpy Kpr Kpwu
g=w'Kpy KpiKpwy + W Kpr Kry Kpwy +w?. (32)

When considering the virtual impedance in the control loops
in Fig. 8, where Rp is the total virtual impedance that consists
the preset virtual impedance and the adaptive virtual impedance,
the close-loop transfer function will be

Vo (s) = G(s) - Viet (8) — (Zo(s) + G(s) - Rp) - I,(s) (33)
where
Zy*(s) = Zo(s) + G(s) - Rp
A + B*s' + D*s® + E*s* + Fs + G*
asb + bs® +cst +ds? +es? + fs+g

(34)

being
A=A
B* =B+ KprKpy Kpww Rp
D* =D+ KprKpy KpwuRp + KriKpyv Rp
E*=E+ 2w Kp Kpy KpwyRp + Kri KriRp
F*=F + W Kp;Kry KpwuRp +w”Kr Kpy Rp
G*=G+w'KprKpy KpwuRp. (€R)

In order to have a better performance of the parallel operation,
the output impedance of the closed-loop control for the inverter
should be examined. Fig. 9 shows the frequency-domain behav-
ior of the output impedance through the Bode diagram [12]. As
it can be seen, the impedance is highly resistive around the fre-
quency range of interest that encloses the line frequency [12].
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The zoomed-in Bode diagram around this range is shown in
Fig. 10.

It can be noticed that with the range of virtual impedance
(from 0.1 to 1.0 2), the frequency-domain behavior of the output
impedance through the Bode diagram is nearly resistive, which
is suitable to adopt the reverse droop function for the proposed
adaptive virtual impedance control. An interesting phenomenon
is that at 50 Hz the phase degree will always cross a point
around —33° for any virtual impedance value. Fig. 11 shows
the Bode diagram of the output impedance with the range of
virtual impedance values from 1.0 to 10.0 €2. It can be noticed
that when the virtual impedance is bigger than 1.0 2, the trend
of the degree of the virtual impedance will be lower than 0°.
Based on the analysis of the output impedance of the close
loop, the total virtual impedance can be selected around 1.0 €2.
A highly resistive output impedance will be obtained, which is
suitable for the reverse droop function adopted in this paper. The
limit range of the total virtual impedance used in this paper was
chosen between 0.3 and 1.1 €2, which shows a good performance
of the average power sharing. Notice that for Rp = 02, phase is
sharped changed due to the PR controller effect, while increasing
Rp, phase changes became flatter.
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For the system stability analysis, the characteristic function
of the system can be obtained from (34)

H(s) = as® + bs® 4+ cs' +ds® +es® + fs+g. (36)

As shown in (32) and (36), the virtual impedance and the

adaptive virtual impedance controller are not shown in the char-

acteristic function, thus, it will not influence the stability of the

system. From the pole map of the characteristic function that
shown in Fig. 12, the system will remain stable.

IV. SIMULATION RESULTS

In order to verify the effectiveness of the proposed adaptive
virtual impedance control, a UPS model consists of two inverter
modules was built in PLECS. Different preset virtual impedance
was used in the simulation to analyze system dynamics when
considering unbalanced output impedances.
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Fig. 14.  Circulating current between the two modules.

A. Performance Verification of the Proposed Adaptive
Virtual Impedance Control

1) Different Preset Virtual Impedance to Mimic Unbal-
anced Output Impedances: In this simulation, the preset vir-
tual impedance values were 0.3 ) for module 1 and 0.5 €2 for
module 2, which imitated unbalanced output impedances. The
adaptive virtual impedance control was enabled at r = 0.2 s to
see the effect of the proposed approach. From Figs. 13 to 16, we
can notice that by using the proposed control, a better average
active and reactive power sharing performances are obtained
under unbalanced output impedances. From Fig. 16, it can be
seen that the total virtual impedances of the parallel modules are
close to each other once the adaptive virtual impedance control
is enabled, and the peak value of the circulating current between
the two modules is around 60 mA. In Fig. 15, we can see that
the power can be approximately average shared between the
parallel modules.

2) Different Preset Voltage References to Mimic the Offset
in Different Digital Controllers: Different preset voltage refer-
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Fig. 15.  Active and reactive power on Phase A of the two modules.

25 —Module 1
2.0 —Module 2

1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5

Total Rvir (ohm)

—Module 1
ig —Module 2

1.0

0.5
0.0

p (ohm)

=o
«n

Rvir_ad
oo
-
°

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Time (s)
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TABLE II
PARAMETERS SETTING OF DIFFERENT CASES

Voltage Reference
230*1.01V(RMS)
230V(RMS)

Module 1
Module 2

ences are applied for the parallel-connected modules to simulate
the offset of different digital controllers. Details are shown in
Table II. Although the condition of different set of voltage refer-
ences will not happen in the real application, however, voltage
offset and gains of different hardware platforms will exist.

In this case-study, the adaptive virtual impedance was enabled
at t = 0.1 s, Module 2 was disconnected at r = 0.2 s, and then
reconnected at f = 0.4 s. From the results in Figs. 17 to 19, it can
be seen that the average power sharing performance is obtained
by using the proposed adaptive virtual impedance. From the re-
sult of the dynamic test, though there is distortion in the output
current of the two power modules during the transient time at
0.4 s, the current and voltage at the load side are quite stable.

B. Dynamic Performance Test Under Different
Output Impedances

To further verify the effectiveness of the presented DAVIC,
more dynamic test is performed in this section. The preset virtual

5961

—Module 1
—Module 2

331 ~Module 1
. ~Module 2

327 | | ‘ P

1.60 170 1.80 1.90 200 210  xlel

|

0.04

-_—

1

0.08

|

Fig. 17.

0.00 012 0.16 020 0.24 0.28 032 036 0.40

Voltage references of the two modules.

Load current
—Phase A
—Phase B

S =
e

Output current of module 1

Current (A)

Voltage (V)

60

Current (A)
]
HN N
= X-1-X-1-)
=
=
==
$=
==
==
==
=
==
==
==
—
=3
e
Y
—
—_—
==
=
==
=
=
=
=
==
=
=
=
—
—
——
==
—
==
——
==
—
—
—
—
——t
—
S—=
—
—
—
=
——
—
e
e
==
——
—
—
——
=
p—
—
P
=3
S5
=3
=
S35
==
=
=
=3
TT T
TFITT
'R R
" ")
o 00
ow>»

-60
60 Output current of module 2

40 \ —Phase A

20 —Phase B,
9 (oRsssmssSSSSES |,‘( \\';’0’0’0’0’0’0’0’0’6’0’0’0 ~Phase |
-30

-60
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Time (s)

Current (A)

Fig. 18.  Simulation results with different preset voltage references.

7000
6000

—Module 1
—Module 2

%)
=3
=3
o

4000
3000
2000
1000

0

Active power (W)

6000
4000
2000
0
-2000
-4000
-6000

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Time (s)

—Module 1
—Module 2

Reactive power (Var)
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impedances for both modules were 0.3 and 0.5 €2, respectively,
to emulate the condition of unbalanced output impedances of
the parallel modules.

1) Conventional Virtual Impedance Control Method: In the
dynamic test, module 2 was disconnected at t = 0.15 s, and
then it was suddenly reconnected at t = 0.25 s. From the results
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Active and reactive power using the conventional virtual impedance

shown in Figs. 20 and 21, it can be seen that, once the output 5

impedances of the parallel modules are unbalanced, the power
cannot be properly shared by using the conventional virtual
impedance control.

2) Proposed DAVIC: In the simulation, the DAVIC is en-
abled at r = 0.1 s, Module 2 was disconnected at t = 0.2 s,
and reconnected at r = 0.4 s. From results in Figs. 22 to 24,
we can notice that compared to Figs. 20 and 21, average power
sharing performance is obtained during the dynamic test by us-
ing the proposed DAVIC. In Fig. 25, we can see that the total
virtual impedance of the parallel modules will be close to each
other once the DAVIC is enabled, which will lead to balanced
output impedances. Thus, the power sharing performance will
be enhanced. During the transient time within two fundamental
cycles, distortion appeared in the output currents of the parallel
modules. Nevertheless, the load current remained almost with
no perturbation. The phenomenon of the distortion and overcur-
rent issue will be better in the real UPS platform because of the
inherent impedance of the hardware, which can be noticed in
Section V.

3) Verification of the Proposed Adaptive Virtual Impedance
Control With Communication Delay: In real application, com-
munication delay sometimes happens between the agents that
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Fig. 24.  Active and reactive power on Phase A of the two modules during the
dynamic test.

need data exchange. Thus, in this section, simulation results
are presented when there is communication delay between
the parallel-connected power modules. Different preset virtual
impedances are applied in the two modules, 0.3 €2 for Module 1
and 0.5 Q for Module 2. Normally, the data communication
cycle T, between the modules is 20 ms. In order to verify the
effectiveness of the proposed method, a communication delay
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Fig.26.  Voltage and current when there is communication delay between the
two modules.

is set in the Module 1 at = 0.6 s, the communication cycle
is changed from 20 to 40 ms, which is shown in Fig. 28. The
DAVIC is enabled at t = 0.2 s, from the results in Figs. 26 and
27. The power sharing performance of the proposed DAVIC
will not be influenced by the communication delay, since that
the DAVIC control loop only need low bandwidth communi-
cation, and the data that received from the communication link
will be stored in a register until it receives a new data. Thus,
even there is communication delay for one module, it will only
change the data update cycle in the register, the controller can
still use the data that received in the previous cycle until a new
data arrives.

V. EXPERIMENTAL RESULTS

The preset virtual impedances for the experiments with a
modular UPS platform are shown in Table III. Two different
presets of unbalanced virtual impedances are applied in the
experiments to verify the proposed control. The modular UPS
platform is shown in Fig. 29. The Delfino 32-bit DSP from TI,
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TABLE III
PRESET VALUE OF VIRTUAL IMPEDANCES

Balanced Unbalanced  Unbalanced
preset 1 preset 2
Module 1 0.5Q 0.3Q 0.5Q
Module 2 0.5Q 0.5Q 0.8Q

Control Board1

CAN Bus

o <

S
VModule1 /

Fig. 29. Modular UPS platform (Courtesy Salicru S.A.).
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Fig. 30. Experimental results during the transient time under dynamic test,
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Fig. 31.  Steady-state waveforms, CH1: Phase A current of Modulel; CH2:
Phase A current of Module2; CH3: Phase A voltage of Module 1; CH4: Phase A
voltage of Module 2.

TMS320F28377D, is applied as the digital controller on the
control boards.
Four case-studies were considered in the experiments:
1) Balanced preset virtual impedances using the conven-
tional virtual impedance control,
2) Unbalanced preset virtual impedances using the conven-
tional virtual impedance control,
3) Balanced preset virtual impedances using the proposed
adaptive virtual impedance control,
4) Two different presets of unbalanced virtual impedances to
verify the proposed adaptive virtual impedance control.
It should be mentioned that all the experiments are imple-
mented with plug and play test to verify the effectiveness of the
proposed method under dynamic condition, which means that
one of the modules will be disconnected and reconnected to the
load to see the results.
The experimental results are shown from Figs. 30 to 41. From
Figs. 31 and 35, we can notice that the power sharing perfor-
mance of the conventional control and the proposed DAVIC are
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Fig. 32. Experimental results during the transient time under dynamic test
using the unbalanced virtual impedance preset 1, CH1: Phase A current of
Modulel, CH2: Phase A current of Module2, CH3: Phase A voltage of
Module 1, CH4: Phase A voltage of Module 2.
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Fig. 33.  Steady-state waveforms without adaptive virtual impedance, CH1:
Phase A current of Modulel; CH2: Phase A current of Module2; CH3: Phase A
voltage of Module 1; CH4: Phase A voltage of Module 2.

almost the same under the condition of the same preset virtual
impedance. However, under the condition of different preset
virtual impedances that indicate different output impedances,
the performance of the proposed DAVIC was much better than
the conventional virtual impedance control, which are shown in
Figs. 33, 38, and 41, respectively. Notice that in this case the
average power sharing can still be guaranteed. More details are
shown below.

A. Experimental Results With the Same Preset Virtual
Impedance in the Parallel Modules Using Conventional Virtual
Impedance Control

B. Experimental Results With Different Preset Virtual
Impedance in the Parallel Modules Using Conventional Virtual
Impedance Control

In Fig. 33, it is clearly shown that the load current cannot
be averaged shared between the inverter modules using the
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Fig. 34. Waveforms during the transient time using the adaptive virtual
impedance control, CH1: Phase A current of Modulel; CH2: Phase A cur-
rent of Module2; CH3: Phase A voltage of Module 1; CH4: Phase A voltage of
Module 2.
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Fig.35. Steady-state waveforms using the adaptive virtual impedance control,
CH1: Phase A current of Modulel; CH2: Phase A current of Module2; CH3:
Phase A voltage of Module 1; CH4: Phase A voltage of Module 2.

conventional virtual impedance. It can be foreseen that in real
applications, when output impedances are unbalanced between
the parallel power modules, the conventional virtual impedance
control cannot guarantee a good power sharing performance
automatically.

C. Experimental Results With the Same Preset Virtual
Impedance in the Parallel Modules With Adaptive Virtual
Impedance

Figs. 34 and 35 demonstrate an excellent average power shar-
ing performance of the adaptive virtual impedance control under
balanced output impedances.

5965

YOKOGAWA  2017/04/27 10:53:49
Stopped

= ~- A AR 4“”
JAUAY,
{ ¥\

Yellow Trace:CH1
urple Trace:CH3

Green Trace:CH2
Blue Trace:CH4

Edge
Line

Fig. 36. Waveforms during the transient time using the adaptive virtual
impedance control with unbalance output impedances (preset 1), CH1: Phase A
current of Modulel; CH2: Phase A current of Module2; CH3: Phase A voltage
of Module 1; CH4: Phase A voltage of Module 2.
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Fig. 37. Waveforms during the transient time using the adaptive virtual
impedance control with unbalance output impedances (preset 1), CH1: Phase A
current of Modulel; CH2: Phase A current of Module2; CH3: Phase A voltage
of Module 1; CH4: Phase A voltage of Module 2.

D. Experimental Results With the Two Different Presets of
Unbalanced Virtual Impedances in the Parallel Modules Using
the Proposed Control

In this section, two different presets of unbalanced virtual
impedances are applied in the experiments to verify the proposed
control method.

From the experimental results shown in Figs. 38 and 41, we
can notice that, with unbalanced preset virtual impedance, the
transient time is a little bit longer than the results in Fig. 34
with balanced virtual impedances, but finally the current will
be average shared between the parallel modules when using
the proposed DAVIC. When compares Figs. 37 and 40, we
can see the phenomenon that it will take a little bit long time,
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Fig. 39. Waveforms during the transient time using the adaptive virtual
impedance control with unbalance output impedances (preset 2), CH1: Phase A
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of Module 1; CH4: Phase A voltage of Module 2.

YOKOGAWA  2017/04/27 11:12:01
Stopped

20ms/div | 228.696 V

AAM\AAAM
VY VVVVVV

[CHA INPUT ) .
DC lM/d IDC IM/d OC "74 IoC “% Yellow Trace:CH1
200 A/div (200 Afdiv (200 V/div (200 V/div .
ooa:1v__J1ooa:tvJ[100:1 100:1 Purple Trace:CH3

Fig. 40. Waveforms during the transient time using the adaptive virtual
impedance control with unbalance output impedances (preset 2), CH1: Phase A
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Fig. 41. Experimental results under steady state with unbalance output
impedances (preset 2), CH1: Phase A current of Modulel; CH2: Phase A cur-
rent of Module2; CH3: Phase A voltage of Module 1; CH4: Phase A voltage of
Module 2.

a few fundamental cycles, to reach the stable state when the
output impedances are more unbalanced between the parallel
power modules. The results show the ability of tuning the output
impedances of the inverter modules automatically to guarantee
the performance of average power sharing using the proposed
adaptive virtual impedance control, which can strengthen the
availability and reliability of the modular UPS system.

VI. CONCLUSION

Modular UPS systems are becoming more and more attrac-
tive in industrial applications with high levels of reliability and,
in this case, the average power sharing performance is very
important. An adaptive virtual impedance control method was
proposed in this paper for the control of the modular UPS sys-
tems, and the control parameter design procedure for the adap-
tive virtual impedance loop is provided as well. In addition,
the selection criteria of the virtual impedance are presented as
well. Simulation results including two inverter modules were
obtained by using the software PLECS to verify the availability
and reliability of the proposed control. Experiments based on
an industrial modular UPS platform have been implemented.
Through the dynamic test, when compares to the conventional
virtual impedance control, the circulating current between the
parallel modules can be effectively suppressed under the con-
dition of different output impedances, thus presenting a better
average power sharing performance than using conventional ap-
proaches.
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