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When the microgrid is running in an islanded mode, unbalanced loads result in microgrid voltage unbalance. The
voltage unbalance factor at the Point of Common Coupling (PCC) is a key parameter in measurement of microgrid
power quality. To improve microgrid power quality, many documents utilize micro-source voltage measurement results
to help adjust the unbalance factor of microgrid voltage. However, due to line impedance presence, there are
differences between micro-source output voltage and PCC voltage. Therefore, it is impossible for a micro-source to
control the unbalance factor of PCC voltage with high precision by measuring its own output voltage. Based on
equivalent circuit, the present paper analyzes the negative sequence component relationship among micro-source
output voltage, line impedance voltage drop, and PCC voltage. It further proposes a hierarchical-control-based method
to control the unbalance factor of PCC voltage with high accuracy, and analyzes the impact of secondary control delay
on system stability by root locus calculating. Finally, the control strategy is validated in an islanded microgrid system
with two micro-sources. The experimental results show the effectiveness and feasibility of the proposed control strategy.
References 8, figures 7.
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Introduction. To integrate advantages of distributed energy to the greatest extent and reduce various
negative impacts brought by distributed generation (DG), the term “microgrid” is proposed [6]. The
microgrid is one distribution network comprising various distributed generators (or micro-sources) and loads,
and can either interconnect to the main distribution grid as a controllable unit or operate independently when
isolated from the power grid. By substituting DG into the power grid in the microgrid, not only is the
utilization rate of distributed power improved, but the power supply reliability of important loads is
guaranteed effectively [8].

With the development of DG technology, microgrid capacity continues to increase, which helps to
orient multi micro-source grid connection in parallel and multi microgrid coordinated operation as important
developments of the microgrid. Microgrids with multi micro-source grid connection can be divided into three
control methods, namely master-slave control, peer to peer control and hierarchical control [1,2]. In a master-
slave approach, the main power provides supports for microgrid voltage and frequency in islanded modes.
Thus, there emerge disadvantages such as robust dependence on main power source, small redundancy and
low reliability, all of which confine the application of this approach [8]. A lack of unified adjustments of
voltage and frequency in the peer to peer control method allows a possible phenomenon of which the
microgrid voltage and frequency may exceed the operation range if they fluctuate acutely. Thus, this method
can only implement primary control over the microgrid and fails to provide qualified voltage and frequency
for loads [1]. The hierarchical control method mirrors a control thought in power system by adding central
controller units in the microgrid system. Such units can not only respond to commands from upper-level
adjustments but perform coordinated management between low-level micro-sources and loads. When voltage
and frequency of the microgrid exceed the operation range, such units will guarantee the implementation of a
control method in the microgrid system just as similar as adjustments of secondary voltage and frequency in
the power system. The adoption of this method guarantees a safe and stable operation of the microgrid
system and that microgrid voltage and frequency will stay within the operation range. Since hierarchical
control performs an overall optimized control over the microgrid system, it has become a main research
concern in recent years[2].

In islanded microgrid system, the unbalance factor of PCC voltage is a key parameter of power
quality [7]. In order to improve the power quality of islanded microgrid, document [5] proposes a virtual-
impedance-based control strategy to improve PCC power quality. This strategy allows a flexible control over
PCC power quality under the working status of nonlinear load. Document [4] proposes a microgrid control
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strategy based on proportional-resonant controllers. This strategy utilizes the magnitude of harmonic currents
to adjust corresponding resonant controller parameters of various harmonics, and then successfully control
the current and voltage harmonics of microgrid. Despite effective improvement of microgrid power quality,
this strategy utilizes more proportional-resonant controllers, which adds computational complexity.

This paper begins with the equivalent circuit; discusses the negative sequence voltage relationship of
micro-sources, line impedances, and PCC; and analyzes the impact of line impedance negative sequence
voltage drop on unbalanced voltage at PCC. Based on the above work, the paper proposes a hierarchical-
control-based control method over unbalanced voltage at PCC, and discusses the impact of secondary control
delay on system stability.

The impact of line impedance of PCC voltage unbalance factor. The microgrid of multi micro-
sources network with concentrated load is shown as Fig. 1, where L is the filter inductance of micro-source
1, C is the filter capacitance of micro-source 1, L, is the microgrid side filter inductance of micro-source 1,
Vel 18 micro-source 1 command voltage, v; is micro-source 1 output voltage, vpcc is PCC voltage, vger is
secondary control command voltage, i is micro-source 1 command current, #; is micro-source 1 output
current, 7 is the filter inductance current of micro-source 1, Ry (i=1,2,...,n) is resistance of line 7, Ly 1S
inductance of line i, Ry .q 1S local load resistance, Ljq.q 1S local load inductance.

As shown in document [3], the micro-source can be equivalent to the series connection of an voltage
source and output impedances, and the output voltage of micro-source i can be expressed as
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where v; is micro-source i output voltage, Vi is
micro-source { command voltage, Gy; (s) is transfer
function of micro-source i command voltage
coefficient, Z..(s) is transfer function of micro-
source output impedance, and #; is micro-source i
output current. According to (1), the equivalent
circuit of the system in Fig. 1 can be obtained.

Assuming the line impedance voltage drop
of micro-source i iS Vjinei, then vpec that is calculated
according to Fig. 2 can be expressed as
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where vpec ¢is the fundamental component of PCC voltage, vpcc 1 is the A-order harmonic component of
PCC voltage, v; ¢ is the fundamental component of micro-source i output voltage, v; j, is the #-order harmonic
component of micro-source i output voltage, viinei ¢ 1s the fundamental component of line i impedance voltage
drop, Viinei n 1s the A-order harmonic component of line i impedance voltage drop.

With the above equation, the negative sequence component (h=2) of PCC voltage can be expressed
as

vPCCfn = Viin - vlineiin ’ (3 )
where vpec 5 1s the negative sequence component of PCC voltage, vi 1, is the negative sequence component of
MICTro-SOUrcCe I, Viiei n 1 the negative sequence component of line i impedance voltage drop. According to (3), the
relationship of the three voltage vector can be illustrated as Fig. 3. Where Fpcc » 1s the negative sequence
component of PCC voltage vector, Vi, is the negative sequence component of micro-source i voltage vector,
Vinei n 1s the negative sequence component of line i impedance vector, and 6 is the angle between V; , and Viinei n.

Fig. 3 shows that on the premise of fixed amplitude of V; ,and Vjiei n, the
amplitude of Vpcc , will change with the changing of 6. Inferences can be drawn T
that there are certain working status (e.g. =90°) when the amplitude of Vpcc o
exceeds that of V; .. According to the definition of voltage unbalance factor, the .
unbalance factor of a certain voltage is the division of its negative sequence voltage & [
vector amplitude by its fundamental positive sequence voltage vector amplitude.
Thus, it is deducible that with the line impedance presence, the respective negative
sequence component of micro-source i and PCC are different from each other,
resulting in the different unbalance factors between them.

The control method of PCC voltage unbalance factor with high precision. Based on (3), we can
get that if the negative sequence component of micro-source i output voltage is changed, the negative
sequence component of PCC voltage will then adjust itself. As can be seen from the definition of secondary
control, secondary control enables measurement of PCC voltage, and the corresponding results will be fed to
micro-source i through communication link [2]. The paper defines the negative sequence component of PCC
feedback voltage under secondary control as

Vied in = kfed_nvPCC_n ) 4)

Fig. 3

where veq in 1 the negative sequence component of micro-source i feedback voltage under secondary control,
and kgq » 1s the negative sequence component proportional coefficient of the feedback voltage. Define the
difference between vies and veq in as the negative sequence component of micro-source i command voltage
under secondary control. After substituting this value into equation (3), the negative sequence component of
PCC voltage changes into 1-kgq » times that of the original value. As seen, through degeneration control of
PCC voltage negative sequence component, the negative sequence component of microgrid PCC voltage can
be controlled.

Based on the aforementioned analysis, the paper proposes a secondary-control-based control strategy
to reduce PCC voltage unbalance. The control strategy to improve PCC voltage unbalance factor is drawn as
Fig. 4, where ROR-FLL(reduced order resonant frequency-locked loop) is used to separate the fundamental
and negative sequence component of PCC voltage, G,.(s) is the transfer coefficient of voltage unbalance
factor controller(PI controller).

Based on Fig. 1 and Fig. 4, the transfer function diagram of PCC unbalanced voltage control system
can be expressed as Fig. 5, where 74 is the time constant of communication delay links, Gi(s) is
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the transfer function of micro-source i outer loop controller, Gy(s) is the transfer function of micro-source i
inner loop controller, kipwy is the PWM control equivalent gain of micro-source 7, kvur is the equivalent gain
of voltage unbalance factor calculation link..

Since the time scale of secondary control is far larger than that of micro-source i controller, the
micro-source i can be defined as the inertia element. The bandwidth of this inertia element is the same as that
of the micro-source i outer loop. Thus, the transfer function of secondary control is obtained as

H 0-97"'::._ 094.. 089 0B 064 04 kpisecs + kiisec
2l DTl NN N Gyur($) =——3 : ; (5)
e i . * % x TOTdS + (’CO + Td )S + (kpisec + 1)S + kiiseckVUF
Uz Al
g | where k, . is the proportional coefficient of secondary control link,
T 1—2"10 & and k; . 1s the integral coefficient of secondary control link. Choose
w.éw : the secondary control delay link time from 20 ms to 100 ms, and
" then the root locus change of (5) is shown as Fig. 6.
5 o s Fig. 6 shows that the microgrid eigenvalues consist of a pair

| of jos o 08 0§04 ;  of complex conjugate and a real number. With the increase of delay
7 9 :_ 4 2 0 time constant, the distance of three eigenvalues from the imaginary
. ‘ axis continues to decrease, and the dominant pole damping ratio of
Fig. 6 the system also decreases, then the system stability is reduced.
According to the above analysis, reference is drawn that the delay

time of secondary control should be reduced as much as possible in order to improve system stability.
Experimental results. The paper performs experiment on the proposed PCC unbalanced voltage
control strategy with an islanded microgrid. The microgrid consists of two micro-sources and adopts the
form of concentrated loads. The length of the two micro-sources’ line impedance is 0.5 km and 1 km,
respectively (the line resistance is 0.642Q-km™, and the line inductance is 0.083Q-km™). The reference value
of PCC voltage unbalance factor is 1.5%. The three-phase load impedances are 50, 10Q, and 7€,
respectively. At first, the microgrid runs stably in the islanded mode under the working status of unbalanced
loads. At Ty, the PCC unbalanced voltage control strategy starts to be utilized. Relative experiment results

are shown in Fig. 7.
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According to GB/T15543 standards, the long term VUF at PCC is no more than 2% and the short-
term VUF is no more than 4%. Fig. 7(a) shows that when no unbalanced voltage control strategy is adopted,
the voltage unbalanced percent at PCC is 3%, bigger than the regulated numeric value in GB/T 15543
standards. After adopting this strategy, the unbalanced percent of PCC voltage gradually decreases, and its
VUF value is finally fixed at 1.5%, which coincides with what is regulated in GB/T 15543 standards. In the
process of secondary control, and as PCC voltage unbalance factor decreases, the micro-source voltage
unbalance factor also decreases, so the micro-source output voltage power quality obtains improvement. By
comparing Fig. 7(b) with Fig. 7(c), it can be seen that if no unbalanced voltage control strategy is adopted,
the voltage unbalance factor at PCC is much more obviously(voltage amplitude difference shows in Fig.
7(b)); while after it is adopted, the voltage unbalance factor at PCC decreases (voltage amplitude difference
shows in Fig. 7(c)).

Conclusion. Through the equivalent circuit, the paper analyzes negative sequence component vector
relationship among micro-source, line impedance and PCC voltage. The analysis result shows that PCC
voltage can’t be precisely controlled by just measuring micro-source output voltage, and that the adoption of
secondary control can perform improvement on PCC voltage unbalance factor. Based on the analysis result,
the paper proposes a control strategy for reducing PCC unbalanced voltage. This strategy adopts secondary
control to calculate the negative sequence component compensation value of PCC voltage. The calculation
result is then transmitted to all micro-sources through communication and tracked by micro-sources in local
control. Finally, by performing experiments, the paper validates the feasibility of its proposed control
strategy to implement improvement of PCC voltage unbalance factor under unbalanced loads working status.
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Ilpu pabome muxposnepzocucmemor (M3) 6 uzonuposanHom pexcume HecOANAHCUPOBAHBLE HASPY3KU NPUBOOAM K OUC-
banawncy nanpsisicenus 8 Heil. @akmop oucbananca nanpsiceHus 8 mouke ooweo npucoeournenus (TOII) sensemcs oc-
HOBHBIM NApaAMEempoM npu usmepeHuu Kkavecmea snexmposnepeuu MO. /[na yayuwenus kavecmea snekmposnepeuu M2
UCHONL3VION PE3YIbMambl USMEPEeHU HANPAICEHUSL MUKPOUCMOYHUKOS OISl YPe2yIupoSanus OUCOANAHCA HANPSIICeHUs
MD. O0Haxo u3-3a HAIUYUA ROTHO20 8XOOHO20 CONPOMUBTIEHUS TUHUU CYUWECMEYIOM PA3IUYUs MeHcd)y 8bIXOOHbIM HA-
npsicenuem Muxkpoucmounuxa u nanpsiicenuem TOIL [1oamomy MUKPOUCMOYHUK He MOXCEn KOHMPOIUPOBAMb OUC-
bananc nanpsiscernus TOII ¢ 6blcOKOU MOYHOCMBIO HymeM U3MepeHuUsi COOCMBEHHO020 8bIX00H020 Hanpsidicenus. Ha oc-
HOBAHUU IKBUBANEHINHOU CXeMbl 8 OAHHOU CMamve aHAIU3UPYemcs OMHOWeHUe COCmasnawel 0opamHol nociedo-
8aMENLHOCMU MENHCOY BLIXOOHBIM HANPSICEHUEM MUKPOUCTIOYHUKA, NAOCHUEM HANPSNCEHUsL NOTHO20 6X0OH020 CONPO-
muenenusi aunuu u Hanpscenuem 6 TOII Taxoce 0ns konmpoas gpakmopa oucbananca nanpsicenusi TOII ¢ gvicoxoi
MOYHOCMbIO NPeOdNacaemcs Memoo Had OCHOBe UEPAPXUHEeCKO20 KOHMPOJS, AHATUZUPYEMCs GUAHUE 3A0ePAHCKU 6MO-
PUUHO20 KOHMPOJsi HA cmabunbhocmy cucmemul. Cmpamezust KOHMPOsi RPOBEPSLIACH 8 U30IUPOSAHHOU MUKPOIHEP2O-
cucmeme ¢ 08yMsL MUKpoucmounuxamu. Onvimusie OanHbie NOKA3bIEAIOM IPPEKMUSHOCTb U YeLeCO0OPAZHOCMb Npeo-
nazaemou cmpamezuu konmpoas. buon. 8, puc. 7.

Knroueewvie cnosa: MUKpPOIHEPTOCHCTEMA, HEPAPXHUCCKIA KOHTPOJIb, H30JIHPOBAHHBIA PEXKUM, AUCOANAHC HArpsiKe-
HUSL, TIOJIHOE BXOJIHOE COMPOTUBIICHUE JIMHUH.
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11i0 uac pobomu mikpoenepeocucmemu (ME) 6 i301608an0My pedicumi He30A1aHCO8ANT HABAHMANCEHHS NPU3BOOSIMb 00
oucbanancy nanpyeu y Hiti. @axmop oucoanancy manpyeu y mouyi cninvnozo npuconanns (TCII) € ocnosnum napa-
Mempom npu eumiprosanHi saxocmi enexmpoenepeii ME. s nidsuwenns sikocmi enekmpoenepeii ME eukopuc-
MoByIOMb pe3yibmamu GUMIPIO8aHb Hanpyeu MIKpoodcepen 0 8pecynoeants akmopa oucoanancy nanpyeu ME.
Ilpome uepe3 naseHicmb NOBHO20 BXIOHO20 ONOPY NIHIL ICHYIOMb BIOMIHHOCHI MIJIC BUXIOHOIO HANPY20I0 MIKPOJicOepend
ma Hanpyeor TCIL. Tomy mikpodscepeno ne moodice kKoumponosamu ¢axmop oucoanancy wanpyeu TCII 3 eucokoro
MOYHICMIO WLIAXOM GUMIPIOGAHHS 1ACHOI 8uxioHoi nanpyeu. Ha 6a3i exsiganenmnoi cxemu y Oauiti cmammi aua-
J3YIOMbCs GIOHOUIEHHS CKAA00801 00epHeHOT NOCIi008HOCMI MIdC 8UXIOHOIO HANPY20I0 MIKpoOicepeid, NAOIHHAM Ha-
npyeu nogHo2o 6xioHozo onopy ainii ma Hanpyeor y TCII. Takooic 0na koumponio ¢hakmopa oucoanaucy Hanpyeu TCIT
i3 BUCOKOIO MOYHICIIO NPONOHYEMBCS MEMOO HA OCHOBI IEPAPXIYHO20 KOHMPOIIO, AHANIZYEMbCA 8NIUG 3AMPUMKU 8O-
PUHHO20 KOHMPONIO HA cmabitbhicmv cucmemu. Cmpameeiss KOHMPOIIO NePesipsalacs 8 i301b06AHIl MIKpOeHep2o-
cucmemi 3 06oma Mikpoodcepenamu. Jlocnioni Oani noxasyloms epexmusHicnms ma OOYilbHICIb 3anPONOHOBAHOT
cmpamezii konmpoo. bion. 8, puc. 7.
Knrouosi cnosa: mikpoeHeprocucrema, i€papXiyHuil KOHTPOJb, 130JIbOBAaHHH PEXHM, AucOAIaHC HANPYrd, NOBHHUN
BX1THUH Omip JIiHii.
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