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Abstract—For the conventional configuration of the single- [6]. Considering the heterogenous power quality requirements
phase electric springs, the electrolytic capacitor (E-cap) is re- of different loads in microgrids [11], the DSM technologies
quired for buffering the double-line-frequency DC-link power.  yeor o more cost-effective way of engaging the non-critical
This demands large capacitance and constant average DC-link . . . .
voltage for achieving sufficiently low voltage ripples of the E- loads (NCL) in power balancing [12]. The 'nterm'_ttent pa'_’t of
cap, which renders low efficiency and poor reliability of the ES. the renewable energy can be buffered as heat in electrically-
To address these issues, a cascaded voltage control scheme Beated buildings, cold storage of refrigerators [13] and pulp
proposed in this paper. The proposed control scheme enablesin the paper industry [14], while the stable voltage supply
large fluctuations of the DC-link voltage so that the film capacitor can be provided for the CLs. From the perspective of imple-

(F-cap), which is of smaller capacitance and higher reliability, can . . .
be applied. Besides, the proposed control scheme can adaptivelymem":ltlon mechanism, the reported DSM technologies can be

adjust the average DC-link voltage for achieving the minimum ~further categorized as (i) discrete DSM [8], which performs
power loss of the ES. The quasi-steady-state and steady-statethe on-off control of loads, and (ii) continuous DSM [10],
models of the electric-spring-based smart load are developed. The which generally requires the switch-mode power converters
optimum average DC-link voltage for achieving the minimum 5 condyct the smooth load adjustments. By comparison, the
power loss is analytically derived. The functionality and loss . . . .
reduction capability of the proposed controller are verified pontlny_ous D_SM can achieve a mqre elastic Iogd Con_tml with
through hardware experiments and simulations. insignificant increase of cost, which makes it feasible for
taming the intermittency of RG in microgrids.

The single-phase electric springs (ES) have been proposed
as a distributed and continuous DSM technology [15]. They
are connected in series with different types of NCLs to
form smart loads. The power profiles of these smart loads

Microgrids, which are the clusters of low-voltage periphwill be adaptively manipulated for compensating the power
eral appliances, have been generally considered as flexi@iations in power system [16]. It distinguishes itself from
platforms for hosting the renewable generation (RG) withogther DSM technologies with the advantages of (i) on-site
degrading the power quality and stability of the utility gridsoltage support [17], (ii) partial power processing [18] and
[1]. However, the volatility and intermittency of the integratediii) automatic load tracking generation [19]. These features
RG will render voltage fluctuations at the points of commogontribute to the significant reduction of required storage
coupling (PCC). This hinders the normal operation of theapacity in microgrids [20]. It is reported in [21] that the
critical loads (CLs) in microgrids [2]. To address this issueRV panels can be integrated with the ES for balancing the
sufficient spinning reserves and energy storage systems @uiipplies and demands. A generalized phase angle control
conventionally deployed for buffering the power imbalancecheme is proposed in [22] to achieve the active and reactive
between generation and demands [3]. Ironically, this wilower compensation by using the ES-based smart load. In
lead to the inefficient idle operations of generators and inc[#3], multiple ES are deployed in AC microgrids to enable
extra infrastructural investments, which is against the original transactive energy system with automatic DSM function.
intention of integrating RG [4]. To coordinate the operation of distributed ES, the consensus

The state-of-the-art technologies for voltage regulation caantrol scheme is proposed in [24]. To further reduce the
be classified as (i) generation side management (GSM) [5]-féQuired storage capacity of multiple ES and avoid the use of
and (ii) demand side management (DSM) [8]-[10]. For GSMommunication system [25], a decentralized control scheme is
methods, the grid-interfaced converters of RG are operate@posed in [26]. In [19], the conventional input-voltage con-
away from the maximum power point (MPP) and providéol scheme is proposed for ES to achieve the reactive power
reactive power support for microgrids, which curtails theontrol. This method does not consider the model of the NCL
harvested renewable energy and extends the payback petad cannot achieve a sufficiently fast transient responsg. A

_ , o control method is proposed in [27] to determine the steady-
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of the smart load are preserved, this model is based on basic - PCC point

proportional-integral (Pl) control strategy. A radialectal Z, b
decomposition (RCD) control method is reported in [29] for ; ve
. Ve 1 L Critical
ES to achieve the decoupled control of power factor and PCC Power Renewable | ?\Ion-critical load Z
voltage. In the reported research work, the E-cap is gdygeral station o 1 load Z,

required to store the double-line-frequency DC-link poaed

the average voltage of the E-cap is regulated to a constagt 1. An ES-integrated AC microgrid.

value irrespective of the steady-state operating contitiof

ES. This results in unnecessary and consistently-higtagelt

stress on the passive circuit components [30], which ingluck shows an ES-integrated AC microgrid. The power station

the unnecessary power loss and degrades the reliabilinSof Eas a tightly-regulated output voltage @f. It powers the AC

[31]. microgrid through a distribution line with an impedance of
In order to improve the reliability of circuits and reduceZz- The RG (e.g., solar panels and wind turbines) are driven

the use of E-caps, the power decoupling technology has bdédnhthe MPPT controller. They inject the intermittent curtren

reported to actively buffer the pulsating power in singlei to the grid, which disturbs the voltags, at the PCC. The

phase converters. With the addition of extra reactive goraNCL can tolerate a certain degree of variation on its supply

components and active switches, the charging and disctrargyoltage. Typically, it can be a thermal-electric load. Th® E

phases of storage components can be incorporated in ifg@0ses a tunable voltage between the PCC and the NCL.

switching phases of the single-phase converters. Typialic |Vas| is the root-mean-square (RMS) value1of.

topologies include (i) dedicated series and shunt DC active

Bus voltage controller

power filters, such as buck [32], boost [33], full-bridge [34 Amplitude [ Cate vatiorn
and series-stacked [35] topologies and (ii) integratedgdes Vorer = @ X Ve s gene[;ation
of power-decoupled inverters, such as the DC split cap@acito ) |VM‘ TBE

[36], interlinking capacitors between DC and AC terminals TIRMS PLL] [sin]  vitching putes

[37], flying capacitors [38] and integrated current chogper V. j}»ﬂ_,@_
[39]. Although the power decoupling technology can effec-

tively enhance the reliability of the inverters, the adutitl DC lmkvoltage controlier

circuit components will increase the cost. Besides, thenstr (a) The conventional linear control block diagram of ES
coupling between the control inputs and circuit status eesd [19]

high nonlinearity, which complicates the control desigQ][4 y/2 i,

In order to address the aforementioned issues, a cascaded {
voltage control method is proposed in this paper. This @bntr
scheme allows the DC-link voltage to fluctuate within a wide

range so that the F-cap, which is relatively more reliabéa c Capacitive Mode Inductive Mode
be used for power buffering. Besides, the proposed control (Amplitude>0) (Amplitude<0)
scheme can adaptively adjust the average DC-link voltage (b) Phasor diagram of ES

of ES for reducing the power loss of the passive cwcug 5
components, which can improve the efficiency and rellqutof ES.
of ES. The main contributions of this manuscript can be
summarized as follows: (i) The quasi-steady-state (QS8) an The conventional linear control block diagram of ES can be
steady-state (SS) operating models of the ES-based sradrt Iplotted as shown in Fig. 2(a). The modulated phase angtg of
are firstly developed for the concurrent control of smartlodags the phase angle of by 90°. When|V),| is under-voltage
reactive power and average DC-link voltage. (ii) The optimu (Var_rey — [Var| > 0), a positive amplitude of._..; will be
average DC-link voltage is mathematically derived acauydi generated. As shown in the left side of Fig. 2(b), the moculat
to the SS operating conditions. Such optimum average DIC-lim. will eventually lagi,, by 90° and the ES will be operated
voltage will lead to the minimum power loss of the passive ciin the capacitive mode. Similarly, whei,,| is over-voltage
cuit components. (i) An inner-loop model predictive \age  (Var_res — |Var| < 0), @ negative amplitude of._,..; will be
controller is designed for achieving the robust control & Egenerated. As shown in the right side of Fig. 2()will lead
output voltage. The simulation and experiment resultslofy i, by 90° and the ES will be operated in the inductive mode.
AC microgrids have been provided to verify the performande the mean time, the DC-link voltage controller will gertera
and loss reduction capability of the proposed control sehena correcting angley in the phase angle af. .. to regulate
the average DC-link voltagepc to the referencéd/..;. As a
result, the load pattern of NCL will automatically followeh
fluctuating generation profile of RG and a stable PCC voltage
In this paper, unless otherwise noted, the lower-case varan be provided for the CLs.
ables with uppercase subscripts denote the combinatiorCof D The circuit schematic diagram of the ES-based smart load
and AC signals, while the all-uppercase and all-lowercase v is shown in Fig. 3(a). The ES is achieved by a full-bridge
ables denote pure DC and pure AC signals, respectively. Fognverter and the NCL is considered as a dissipative lodd wit

The conventional linear control block diagram anégur diagram

II. LIMITATIONS OF CONVENTIONAL SINGLE-PHASEES



wherevp? is the moving average afp2 over one-half line
period. As the F-cap has a relatively smaller capacitange,

will fluctuate at a larger range. Thus, the approximation of a
constantupc is no longer valid for the conventional linear
voltage controller of ES. A new control scheme, which is
sufficiently robust to the variation afp¢, is required for the
control of v..

(ii) Adaptive control of average DC-link voltage. Consider
Fig. 3. Circuit schematic diagram and phasor diagram of tebEsed smart ing v is adaptively changed with respect to the fluctuation of
load. vm, vpc should be optimized with respect to the SS operating
condition in a real-time manner for improving the utilizati

a constant impedance Gy|/a. The corresponding phasorOf DC-link voltage. On the one hangpc shall be sufficiently
diagram of the smart load can be plotted as shown in FiI w to reduce the power loss. On the other hafgle must

3(b). The instantaneous power of ES can be expressed as e properly controlled to ensure an undistorted modulation
Ve

pe = 2|Ve|[In| cos(wt — 0) cos(wt + 3) To address these challenges, a cascaded voltage control
= |Ve||In|cos(8 + B) + |Vo||In| cos(2wt + B —0) (1) scheme is proposed for the voltage control of ES. The cositent
of this paper is organized as follows: In Section Ill, the QSS

Non-critical
load Z,

(a) Circuit schematic diagram (b) Phasor diagram

Fo e, and SS models of smart load will be analyzed. Based on these
where models, the optimum average DC-link voltage of ES is derived
Pe = [Ve||In|cos(6 + B) in Section IV. The design of the cascaded controller will be
peaw = [VollIn| cos(2wt + B — 0) (2) elaborated in Section V. The experiment and simulationltesu
2w = ITOIEN are included in Section VI.

In SS operationPc =~ 0 W. The ES has a double-line-

frequenc_y pulsating power @f.o.,, which yviII be buffgred by I1l. SS AND QSS MODELS OF THESMART LOAD
the DC-link capacitor. For the conventional ES with E-cap, With respect to Fig. 3(b), the bus voltage and ES output

there are two defects, namely, voltage phasors can be expresseﬁ’?as; |Var| £0° andVg =

(i) Use of large DC-link capacitor. Generally, the E-ca .
demands small voltage ripples ango can be approximated ngééc(%ez;erzzeﬁgg?;/'L?ﬁgapparem power of ES and smart

asvpc. By denotingn as the permissible voltage ripple in
percentage, the requirement of DC-link capacitance can b

So = Po + jQc = Vol £(—0) | Mol —vel<C0]

expressed by |Zy]Za :
Cpc > 7|VC||IN2| ) 3) Sy = Py + jQur = [V £0° {lvmé?;;‘&calé(_g)}
4w fopc™n (5)

wheref is the line frequency. Since the E-cap requires a smalhere
1, Cpc Will be large. Vo llV: o — 0) — [V ? cos

(i) Low efficiency. Conventionallyvpc is controlled to Pe = Val C|COb(a|Z |> Vo[ cosa
be constantly-high for achieving the undistorted modatati ] N 5 .
of v.. However, the operating point of ES is adaptively Qc = [Var|[Ve|sin(a —0) — [Vo|"sina
changed with respect to the variation of RG. The constantly- |ZN] (6)
high opc will render low utilization of DC-link voltage and P [Var|? cosa — [Vag || Vee| cos(0 + )
high voltage stress of the passive circuit components. This M= |Zn]|
induces unnecessary power loss. As the power loss is mainly [Var|? sin o — |Var| Ve | sin(@ + o)
transformed into heat, the reliability and efficiency of E&ym Qm = Zx|

be degraded. .
To improve the reliability and efficiency of ES, itis desitab  Based on (6), the QSS operating model of smart load can

to replace the E-cap with a relatively more reliable F-cag a® derived as

adaptively operat@pc for reducing the unnecessary power (Par — Pmax>2 2 2
loss of ES. This new configuration brings several challenges 2 M—e
in the design of ES voltage controller, namely, Pron )

(i) Robustness against the variation of DC-link voltage. By Q= — PoPras @)
neglecting the power of the filtering components, it can be V|2

i Prna' =
derived that * = Zn|cosa

d . , . : .
vpcCpc Udlzc = Po + peow whererg is defined as the QSS radiub,,,, is the active

(4) Ppower of NCL when the smart load is operated to achieve
Upe = \/W+ |Ve|lIn|sin(2wt + 8 — 0) the unity power factor. The detailed derivations of (7) are

wCpe ’ elaborated in the Section VIII of Appendix. In QSS operation



Pe # 0 W and ipc will be adaptively changed. In SS

S.$r
operation,Pc = 0 W and 7pc will remain at a constant 2 S (0%
value. Hence, the SS operating model of smart load can be T
expressed as
Prna;c 2 V"T
(PM - ) + QM R
a) S1,4 turned on andSz 3 turned (b) S2.3 turned on andSy 4 turned
RS _ P’max o |VIVI|2 ) (8) (()ﬂ? 1,4 2,3 (()f? 2,3 1.4

2 2|Zn|cosa i o
Fig. 5. Switching states of the ES-based smart load.

whereRg is defined as the SS radius.

A. Ohmic Loss of Passive Components

Maximum No;nmal
72 R S ‘ ,“jrd“f‘l"”"““'““ o 03’622?% In Fig. 5,7 andrpc are the equivalent series resistance
2 ‘ RN :med (_ESR) of the filtering inductors and DC—IinI_< capacitor, resp
L} /o mm o shedding. - SX¥ boosting tively. 7, andrpc are at the same loop in every switching

state. Thus, they can be equivalent to a resigtare.,

= L .
e T e r=2r, +7pC. (10)
o Load oo bmfm- The ohmic loss of passive circuit components consists of the
P i : ! fundamental-frequency and switching-frequency comptsen
| .
- pee . Fomemet TR which can be expressed as

2 Maximum i

|

! capacitive power point
i i i

PLoss :Pf+Pfsw :Tf|IF|2+rfsw|IFSW|2- (11)

P

M

In (11), ry and rs,, are the fundamental-frequency and
switching-frequency equivalent resistance rofrespectively.

) _ &%ﬂ is the RMS value of the fundamental inductor current,

The operating point of the ES-based smart load can Qgile 7,5y is the RMS value of the switching ripples of the

plotted as shown in Fig. 4 according to (8). It is essentiallyqyctor current. At the fundamental frequency, the induct
a circle, which is centred at "“””, 0) and has a radius current is approximately identical to the NCL current,,i.e.

Fig. 4. Operating point of the ES-based smart load.

of "2“”” When Vo = 0V, the smart load is operated at |Ir| ~ |In|. (12)

the nominal operating point ofP,,om, @nom ), Which can be

expressed as This means thaf’; is determined by the SS operating point

of the smart load. At the switching frequency, the RMS value

_— |Var|? cos o of the inductor current ripple can be expressed as
nom — — [ |
1ZN]| 9) 1 (ve —vpe)Tswd
V 2 . I — C sw , 13
QTLO’HL = % | FSW| vV 12 2L ( )
N

whereTy,, is the average switching period. In the SS opera-
The reactive power compensating capacity of the ES-basgsh, the duty ratio can be expressed as
smart load is positively associated with the load capacity o N
_ UeTUDC

TYLU/J, max H
—), it
) 2vpc

2 2

NCL. When the smart load is operated( (14)

r a. P7 axr i i i
grid. When the smart load is operated( ; = _ ; ), loss of the passive circuit components can be expressed as
2 .2 \2
it delivers the maximum reactive power ef’ﬂ Var to the Ptow = Ttswllrsw|? = Mysw(Ve — Vpo)® (15)

2,2 2 ?
i, 1920202, /2,

wheref,,, is the switching frequency. The profile &%.., can

be plotted with respect topc as shown in Fig. 6.

IV. DERIVATION OF THE OPTIMUM DC-LINK VOLTAGE P
By solving the first-order differential function of—"% =

The power loss on the passive components consists of thethe theoretical DC-link voltage;,, which Ieads to the
ohmic loss and the core losblere, the bipolar pulse width minimum Py, can be expressed as
modulation scheme is applied and the switching states of the
ES-based smart load are shown in Fig. 5. Vth = Ve (16)



derived by using
55 +to
max ( / Deawdt)
to
1
= §CDC[(”UDC + Avpe)? — (Upe — Avpe)?]
I
Supe = Vel
w (Y

DCUVDC (20)

Fig. 6. Profile of switching-frequency ohmic loss. By substituting (20) into (19), the minimum average DC-link
voltage can be expressed as
VellI
B. Core Loss of Filtering Inductors Varn = V2|Ve| + M (21)
wCpcvpo
The core loss of the filtering inductors can be calculated byObvioust, Varin > ven. By the convexity of Fig. 6, it is
using the Steinmetz Equation of desirable to setse = Visrn to achieve the minimun®y.,
B N and P,,... By settingtpc = Virny in (21), the optimum
Peore = 20 f* B Aclm, an average DC-link voltage can be expressed as
whereC,,,, « andj are material parameterg,is the operating 2
. . 2|V, Vi Velll

frequency, andB is the peak AC flux densityd. and[,, Vopr = VumIN = \/_|2 Gl + \/| g' + |2 Cg N|. (22)
denote the cross-section area and length of the magne#¢ cor whbpe

respectively. According to Faraday’s Law and (14), (17) can

be rearranged as V. DESIGN OFCASCADED VOLTAGE CONTROLLER

The overall block diagram of the proposed controller can

o | (e = ve)Tswd g be plotted as shown in Fig. 8. The cascaded voltage controlle
Pcore = QCmf . Aclm . .
NA, 18 consists of an inner-loop voltage controller and an ouiep!
(v — v2)T, B (18) voltage controller. The outer-loop voltage controller jphked
=20, [ [W] Aclim, to derive the voltage refereneg ,..; so that the corresponding
DC c

optimum average DC-link voltag&ypr and the desirable
\g?)ere N denotes the number of turns of the coil. Sincémart load reactive powep,, can be concurrently achieved.

core - (), it can be concluded that a smallepe will The inner-loop voltage controller is used to isolate thaavar
tion of vpe from propagating ta. and achieve fast dynamic
response of..

As shown in Fig. 8, the PCC voltage errof is used to
derive the reactive power referen@a,_..;. The SS operating
point andVp pr will be derived according to the SS model.
Then, the DC-link voltage controller will derivd’- with
respect toVp pr. At last, with the obtained’c and Qs _re,

Besides, the average DC-link voltage must be sufficiently , .. will be calculated for the inner-loop voltage controller
high to achieve the undistorted modulationwpf By neglect- by using the QSS model.
ing the fundamental voltages across the filtering inductbies
waveforms of theypc and rectifiedv. can be plotted as shown
in Fig. 7.

ov C

renger a smaller core loss. Ideally, the minimufy,.. will
be obtained wherpc = v., which is the same with the
theoretical results of (16).

C. Minimum DC-link Voltage Requirement

A. Design of Outer-Loop \Voltage Controller

According to the SS model expressed by (8), the desirable
SS operating point can be derived by using

Vi Qm = Qurires, Pu=Rs+\/R%—Q3%
Py —jQum
V2|Vel lIN|48 = ——— (23)
R;’tiﬁed |Var| £0°

v, Vol £(=0) = [V |£0° — | Zn||IN]£(a + B)

With the calculatedy| and |V¢|, Vopr can be derived by
using (22).

According to the power conservation of ES, it can be derived
at

Fig. 7. Waveforms ofvp and rectifiedv..

Considering the double-line-frequency voltage ripples R
vpc, the minimum value ofpc can be expressed as

v Cpcdvpe _ o 2,2Ld£i ,C%U
Vv = V2|Ve| + Avpe, (19) PeT — e . dt " dt (24)
d’UDC2 - 2 diLQ

, 2
whereAvpc is the amplitude of the voltage ripples. It can be i Cpo (pe —2ri” = L

dt )



Outer-loop voltage controller Inner-loop voltage

0.5P djr, i ol
e 2}’|[ |2+L L - controller
- T mn-1]
Steady-state
v, T 19 Y v K] [C)] i i L I
v P +— model (SS) O~K +—2 oC é Quasi sin(cr) MPC Circuit of
m_ref vy o ) 2 P | steady-state o ref m[n] Ve
7 (22), (23) 52 ¢ X controller ES =
Wl —osp, pe Q| m0del (OSS) =] (37) (34)
(1),32) W, /(=0 l A[n=2]

Fig. 8. Block diagram of the proposed cascaded voltage aiertr

. . . . . . ----08S 1 del —SS operating model
ConsideringC' is very small, its power is neglected in (24). £ operating mode pee

By averaging (24) over one-half line period, i.e.,

37 (dupc?
2 dt
d / < it >
dir?

t+57
= 2f/ —=(pe — 2rip? — L——)dt
t

2

Chc dt 0.5P,,.
d 2 2 d|I|?
vél)tc = C—(PC — 27"|IL|2 —L |d§| ), _Maximum .
DC (25) Pmu capacitive power point
the dynamics obp2 can be derived. In (25)], | is the RMS o

value of the inductor currentipc can be regulated through _ _
controllingvpc2. To compensate the error betwees2 and F19- 10-  QSS operating point of the smart load.
V3 pr, the control law ofupc? can be designed as

dvpc? Kiene + Ko | encdt (26) which makesP; = 0.5P,,.,.. TO avoid the irrational solution
a P 2] et of Py, the desired intermediate QSS operating point can be
where expressed as
epc = Vépr —vpc? (27) {QI = QM_ref (31)
Considering the change df2,, is relatively slower than Pr=0.5Pmaq

5 .
vpc?, (26) can be approximated as Correspondingly, the ES output voltage reference can be

p .
Kiepe + KQ/EDcdt n 6dzt>c _o. (28) calculated by using
o Pr—j
As long asK, and K, are positive,epc will converge to0. WVe_rer|£(=0) = |Var|£0° — 7|{/M|i§f |Zn|Za.  (32)

The control block diagram ofp2 can be plotted as shown
in Fig. 9. By using the loop-shaping method, the valugsgf

and K> can be designed. B. Design of Inner-Loop \Voltage Controller

2 P K, | [Cd PC F— To reject the disturbance af, without compromising the
—_— — uation 9 . . .
oPT %) Iy 2 kl . control bandwidth ofu., the model predictive control (MPC)
o 2r|IL‘z+Ld|[L\2 e is applied andipc is fed back for the determination of control
pe dt signals.

1) Discrete State-Space Model: For the ease of analysis,
the NCL can be approximated as a resistive Idag The

With the calculatedPe andQy; ., the intermediate QSS bipolar pulse width modulation scheme is applied to gener-

operating point of P;,Q;) can be derived according to theflte the switching pulses for switch,, where the subscript

QSS operating model. The QSS operating point of smart lodd™ {1, 2,3, 4}. 5 and S, will be switched on and off
can be plotted as shown in Fig. 10. As illustrated, when> Simultaneously. By defining the duty ratio 6§ and S, asd,
Qnt_res ~ the modulation index can be expressed as

Fig. 9. Control block diagram of 2.

QI = QIVI_ref m=2d—1 (33)
{P]:’I”Q‘f'\/’ré—@% ’ (29)
By averaging the switching states shown in Fig. 5 in one

Whenrq < Qar_res, the maximum achievablec will satisfy  gitching period, the small-signal state-space model airsm
that load can be expressed as

Pras ?
7ﬂQ\/( 2 ) 7PCpmaa:*Q17 (30) iI.JIA':B-i-B"U,




1 1 Circuit of

R0 T ES-1 L, b2

A= i _L _ﬁ (34) erd : -n""'--..o{[n-11_'_'_‘,_.0"[n]
2L 2L 2L yxln-1] A ‘

0 " 0 Prediction|\Time ! :
_ Cpc ) (34) of v[n] |idelay | mn-17 | “m[n] s

x = [V, ir, vpo)T (:avs) ‘, ~T TT
- ! ! f

B = , 07 0 T min [ve_res — ve[n]] il 2
[,\Rinc ] ] (-2)T. (-OT. T !

u = ['Um

(a) Control block diagram(b) Time sequence diagram

where| - | denotes the derivative df | and |N| represents the Fig. 11. lllustrations of time-delay-uncompensated MPC.
small-signal component df- |. .
As illustrated by (34), when the Forward Euler Approxima- Cireuit of i;;_[_n-z]

. . ; . . o ES-1
tion with a sampling period df’; is applied, it takes two steps mn-1]  (34) x[n-2] Ve res

)

for the control effort ofm[n — 1] to take effect on the output O] !
voltage, which leads to inaccurate controlf To improve Prediction, .| Discrete |
the accuracy of the prediction model, the state-space nujdel Q’;?fg[)"] "Z(;‘f)‘ ! min-1] il

- . . . T .
(34) is discretized at a sampling period €f. Assumingu,, o Y 7 ,j WW ;
. . . min [Ve_ref — Ve|n
remains constant in a period @f,, the discrete state-space ] mn-1]
. . . T,
model of smart load with a sampling period 921‘3 can be
expressed as

(DT, (DT, nT,
(a) Control block diagram (b) Time sequence diagram

Fig. 12. lllustrations of time-delay-compensated MPC.
x[n]=Agqg-xn—1]+ Ba - uq

T, of (36) can be reformulated as
Ag=(5A+I)?
[ 1]2 [ve]n — 1] [n —1] [ 1]]T min |ve_res — ve[n]|
xn ;U;n y ton y UDc (1 . (35) st m[n]:Adcmv[n71]+Bd.ud
Bg = (7S A-B+T1T,B Tyln—1] = Ag |m=m[n_1] x[n — 2]+ Bq - uq
Ug = U = [U] m[n] = {-1, 1}.

(37)

2) Delay Compensation: With the measured information of In this way, the prediction of..[n] can be conducted one
x[n—1], the optimum control decision of[n] can be made by period ahead of time, i.e., before the time point of (n-1)th
minimizing the error between the predictedn] andv._..;, Sampling. As shown in Fig. 12(b), this leaves a time margin
i.e., of T for the DSP to predict.[n]. Thus, the desirable:[n]

min [ve_rer — ve[n| can be derived in advance and be executed right at the (n-1)th

m[n] ={-1, 1}. VI. EXPERIMENT AND SIMULATION RESULTS

In the practical implementation of this MPC, it takes time TABLE |
for the digital signal processor (DSP) to predict all polsib SPECIFICATIONS OFEXPERIMENT SETUP
ve[n] as shown in Fig. 11(a). This results in a time delay of

ts between the measurement ofn — 1] and the execution Description Parameter Value
of m[n]. The time sequence diagram of this MPC can be Eﬁ?ﬁ?gggaﬁg: voltage |‘2”Lf ! a Jrlé(;;/j) 0
plotted as shown in Fig. 11(b). Since the sampling time point  |GBT switches Si234  IRGAPC30FDPBF
of (n — 1)Ts, the circuit state vector has drifted away from  Filtering capacitor c 1 pF
the measured state vector ofn — 1]. After ¢4, the control E'_zzg gﬁészzzgggolaﬂéoom Cpe 15 pF
signal of m[n], which is calculated according te[n — 1], is +UBT2E470MHD) Cpe 115 uk
executed. Consequently, this delayed executiomft] will Filtering inductor L 3.3 mH
lead to a SS error between[n] and v, ... EKS:'E of filtering inductor Zv ?ﬁ)%

In order to compensate this SS error, a virtual measurement MPC sampling frequency Ts 40 kHz
of x, is introduced in the feedback loop of the MPC. As _DSP controller TMS320F28069
shown in Fig. 12(a), the actual measurementepi — 1] is
replaced byz,[n — 1] in the prediction ofv.[n]. x,[n — 1] is In this section, three experiments and one simulation have

calculated according to the previous measuremenfof-2], been performed. The experiment setup is shown in Fig. 13
the previous control signal of:[n — 1] and the discrete state-and its circuit schematic diagram is shown in Fig. 3(a). A
space model of (35). Thus, the original output voltage MPChroma programmable AC source 61511 is applied to emulate
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V=110V : v (200 V/div)
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, T Ve THA S5V, (100 Vidivy
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= - ¢ v (1007div) |
GO V| i
Fig. 13. Experiment setup of the ES-based smart load. )
(a) QM_ref = —40 Var, CDC =115 /,LF.
H . . Telc fun [ I I ] Trig’d
the unstable power supply. An impedance with&nR ratio ‘ '
of 6.3 is used for emulating the impedance of distribution ™ \ :
line. The corresponding specifications are summarized in v, 1=110V ‘ Sy, (200 V/div)
Table I. In the first experiment, the SS operation of ES is  fiI,/=865.9-mA : o S (2 A/diY)
. . I n &
demonstrated to verify the robustness of the inner-loofagel a3 \//'\‘ /\\/; resyaty
controller against the variation of,¢. The second experiment deading =" _ 00V Av =302V v (100 V/div)
. . . f T i ~y DC . DC
is conducted to compare the transient responses of ES veith th P W S O, A O O W W
proposed and conventional voltage control schemes. The thi e W V_ ~ w
experiment is performed to verl_fy the loss reduct_lon agb!llt Prlssv » (1007div) |
of the prop(_)sed gontr_oller at different SS operating points BTy oy e s T 1B
At last, a simulation is conducted to demonstrate the loss
reduction ability of the proposed controller in the reahei (b) Qni_rey = —40 Var, Cpc = 15 pF.

compensation of fluctuatlng POWers. Fig. 15. Experiment waveforms of smart load in capacitiverafions.

A. SS Operations
reactive powers, while the ES with F-cap is controlled by

b S ; : o the proposed voltage controller to achieve the same reactiv
» , W power compensation. By setting = 5% andvpc = 110
7o=110V v (300 V/div) V, the minimum required E-cap can be calculatedl@s uF
I, |=8613 mA i (2 Addiv according to (3). Here, the capacitance of E-cap is set to
o -‘843 N ¥ e I o, /\ 115 pF for a conservative design. For the ES with F-cap, the
NS e A NSNS DC-link capacitance is set tt5 F.
= Vo =110V i_v_[){:sv Ve (100 V/div When the supply voltage is set Bt4.4 V, Qas_r.y Will be
: i v,(100 V/div) controlled to be40 Var to suppress the bus voltage fram3
L M V to 110 V. When the bus voltage is stabilized, the AC source
el = T @ | Eha is delivering an active power ¢f0.3 W and a reactive power
- = . —_— LT of 45.4 Var to the loads. As shown in Fig. 14(a) and 14(b),
(@) Qurr_res = 40 Var, Cpe = 115 pF. in lagsv. by 84.3° and|V| is controlled to bet5.8 V. The
TokRn [ I ] I1ig' smart load is absorbing a reactive powe36f3 Var from the
.\/\/\//\/\/\ grid. For the ES with E-capjpc is controlled atl10 V and
, vpce is fluctuating at an amplitude df V. For the ES with
1V, =110V ‘ v, (200 V/div) F-cap,upc is controlled atl09 V. The DC-link ripple voltage
111=838.2 mA YA e A has an amplitude a$8.6 \, which is 35.4% of Tp¢.
Dw\/ TR When the supply voltage is set B8.5 V, Qs_rs Will be
5 R L r0g e 2380 Y v,.(100 V/div controlled to be—40 Var to boost the bus voltage from®7.4
WM W M B e V to 110 V. When the bus voltage is stabilized, the AC source
e s 3 m has an active power df0 W and a reactive power of36
=~V [=46 , 0 V/div Var. As shown in Fig. 15(a) and 15(h), leadsi,, by 84.8°
oy 00r JE o i Wev ) _iete ) and|V¢| is controlled to bet6 V. The smart load is delivering

a reactive power 089.6 Var to the system. For the ES with
E-cap,vpc is stabilized atl10 V and Avpe is 5 V. For the
Fig. 14. Experiment waveforms of smart load in inductive ratiens. ES with F-capppc is controlled atl09 V. Avpe is 39.2'V,
which is 36% of vpc.
In this experiment, the ES with E-cap is controlled by the By comparing the waveforms af. shown in Fig. 14(a) and
conventional linear voltage controller to provide the refeeed 15(a) with that of Fig. 14(b) and 15(b), it can be seen that the

(0) Qai_rey = 40 Var, Cpc = 15 pF.
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proposed controller can achieve the undistorted modulatio ANEARCARARTA A

of v. against the significant variation afpc in both the ® - Vv"’v(uzuoﬁv\g/ﬁvv)u
inductive and capacitive operations of the ES. By referting : -
the datasheets of the F-cap [41] and E-cap [42], the lifetime
of the applied F-cap is 200000 h, which is 100 times of the
lifetime of the adopted E-cap. This proves that the religbil ‘>
of the ES can be significantly improved by using the F-cap as V(100 V/div)

/=885 mA  =182'ms I7,[=962mA i (2A/div)
A Waph A ) § A 1

the DC-link capacitor. ) "
. |=46.
B. Transient Responses of ES N T e, W] 2
T ——— Y S T | (a) Conventional controllel’pc = 115 pF
ARARANLRAAD — e .
» v, (200 Vidiv) i O ARLARRANANL
Vv N v (200 V/div)
i Vrvvvvuvuvy
I11=9632mA 7 =223 ms 1 |[|=887mA  (ZAMIV)
? T Ty - AE 8859mA‘—>’ =69ms 11 )= 9621mA i,(2 A/div)
i ) [ « ey \ A
1 BM”"!'\"“ L } N \ M\ U NJ /l‘{ f\r 1”[ NM\M H(M \ 'lfil‘f\i‘ il
7, <1088V vDC(lOOV/dw) FITTRTNTTe Iy ‘J it m‘ T
' ch=10 v 1 :
. | T . v, (100 V/div)
VA 5 100 Vi T
LACINRY Jrasgs v ,/w le“' \M}v W M&W it
oy ][”0“ v P B E’Clz:"fv& Ve ™ \V —210 Ll 000 ‘[”ﬁ‘j?i )
100V € 1oy 10mensts 0,00 ¥ 22:05107
(a) Conventional controllel’pc = 115 uF
TekPrevs | I ) ] (b) Proposed controlleC'pc = 15 uF
MMMMI\MA
L I MWNW\A%(ZOO Vidiv) Fig. 17. Experiment waveforms of smart load stepping fremt0 Var to
| VIV —20 Var.
11, |=963.2 mA <———>‘t =72 ms |1, |=886.6 mA i (2 A/div)
MARAAAARA K h [ )
BW\J\WUJ’\Mﬂ"uhrﬂhuu\/\ A MIM \Ww ffrﬁmmfm
TV M i
. 100 V/d . . o
6BV iy W J W‘i‘ 1085V ﬂv‘ﬁfw " JWW)' conventional controller is applied, it takeg3 ms for the ES
{,wmmmwm ﬂ Wﬁ‘ ﬁ H” M WV Mﬁi VW to be settled at the referenced SS operating point. Meaawhil
Lt f\f\f‘- "M \ H\N i !n ~v<100V/d1V oyl istentl trolled &t08.8 V. When th d
\ \ 2 'H.WW\EHH W‘u_v% Vi) Mvmwwn vpc 'SIICO’TS'S en|-y§onhro e ; -0 V. When edpropose
T T - c*mk% B controller is applied, the settling time is aroufid ms as
8- Su | = shown in Fig. 16(b), which is significantly shorter than that
(b) Proposed controlleCpc = 15 uF of the conventional controller. In this step-change transi

Tpc is increased fron68 V to 108.8 V, which are close to
the theoretical optimum references ©f.5 V and 104.8 V,
respectively.

Fig. 16. Experiment waveforms of smart load stepping fr2invar to 40
Var.

In this experiment, the supply voltage is firstly steppedrfro
114.4 V to 113.4 V then from 108.5 V to 110.4 V. Without
activating the ES|V,,| will be stepped from13.2 V to 112.2
V then from 107.35 V to 109.23 V. With the conventional
and proposed control schemes, the reactive power of ES @ﬁ
be controlled from20 Var to 40 Var then from—40 Var to
—20 Var for restoring the PCC voltage to10 V. For the
ES with the F-cap 16 uF), the proposed cascaded voltag
controller will operate the ES to achieve the desired m_eCtIWhICh are close to the theoretical optimum values @f.8 V
power references and regulatgc to the corresponding and64.5 V.
optimum values, simultaneously. For the ES with the E-cap,
the conventional controller will control the ES to deliviiet  As illustrated in Fig. 16(b) and 17(b), the envelopes of the
reactive power for restoring the bus voltage amt: will be  waveforms ofvp are right above the profiles ef. under the
regulated to a constant value bf0 V. same voltage reference and scale. This ensures the unelistor

The transient waveforms of ES stepping fr@ Var to modulation ofv. and reduces the voltage stress of the ES.
40 Var are shown in Fig. 16. When the supply voltage i$he proposed controller can achieve the concurrent coafrol
changed froml14.4 V to 113.4 V, the ES voltaggV| will the smart load reactive power and average DC-link voltage.
be operated fron21.1 V to 45.9 V in inductive mode for Besides, the proposed controller can enable a faster éransi
restoring|V| to 110 V. As shown in Fig. 16(a), when the response of the ES-based smart load.

Fig. 17 illustrates the transient waveforms of ES stepping
from —40 Var to —20 Var. In this step-change transient, the ES
voltage will be changed from6.4 V to 22.2 V in capacitive
de for boostingV),| to 110 V. As shown in Fig. 17(a),

n the conventional controller is applied, the measured
settling time is182 ms, which is larger than that of the ES
with the proposed controlle6§ ms). As shown in Fig. 17(b),

is decreased from09 V to 67 V during this transient,
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C. Reduction of ES Active Powers with conventional control scheme has a low utilization ¢ th

In this experiment(); ,..; is gradually changed from45 DC-link voltage, whi_ch renders unnecessary voltage stieds
Var to 45 Var. The conventional constant DC-link voltageeXtra power loss. With the proposed cascaded control scheme
control scheme and the proposed cascaded voltage contrdilec iS adaptively changed with respect ¢p for improving
are respectively applied on ES to provide the same refedend@e Uutilization ofvpc. Therefore, the power loss of the ES
reactive power. For the conventional control schemyy; is ¢an be effectively reduced.
consistently controlled at10 V for all operating points. For
the proposed controllefpc is adaptively adjusted acgordingD_ Compensation of Fluctuating Powers in AC Microgrids
to (22). A YOKOGAWA power analyzer WT1806E is used

to measure the active power of ES at different SS operating TABLE ||

points. SPECIFICATIONS OFSIMULATION SETUP
-%--P_ with conventional control —e—P_with CMP contro]| Description Parameter Value
- NCL current |1, |
1.05 Source voltage Vel 109.3 ~ 114.2 V
4.4 XX . . Source active power Pg 3288 W~ 4018 W
—~42 % AR IR N 101 2 Line impedance Zr, (0.043 + 0.3j) Q
Z 40 x’ U it S % a Source reactive power Qs —951 Var~ 836 Var
njm P, e : o "\ 0.97 O Filtering capacitor C 1 uF
53 ¥\ & ® § DC-link capacitor Cpc 1000 pF
s 3'4 ¥ o N 0.03.2 ESR of DC-link capacitor rpe 2 mQ
o 3'2 N % =~ Filtering inductor L 3.3 mH
g /" > ESR of filtering inductor L 30 mf2
< 3.0} ~ 0.89 2 NCL Zn 6.05 Q
28 ,/ CL Zo 6.05 Q
20— 30 3010 1020 30 40 50 Average switching frequency fsw 20 kHz
Reactive Power O, (Var)

(a) Measured active powers and currents of ES In thIS Slmu|atI0n, the ES |S Operated to Compensate the
4Oy power fluctuations in al10 V AC microgrid. The circuit
350} ] schematic of the microgrid is shown in Fig. 1 and the
30%k ] specifications of corresponding parameters are listed lokeTa
2501 ] II. As the ES is generally applied in distribution grid, the
20%L ] X/R ratio of Z;, is set to be 7 to simulate the impedance
1%k ] of the distribution line [15], [43]. The unstable power siypp
Lo%l ] generates fluctuating powers to the loads, which dist{irhs.
sl ] The time profile of the generated active power (see Fig. 20(a)

0 fluctuates betweeB.3 kW and4 kW, while the curve of the

-50 40 -30 -20 -10 0 10 20 30 40 50
Reactive Power O, (Var)

generated reactive power (see Fig. 20(b)) varies betwéén
Var and836 Var. The ES is controlled to restof&,| to 110 V
(b) Reduced active power of ES in percentage with the with the conventional controller and the proposed corgroll
proposed controller respectively. The simulation is conducted f200 s and the
Fig. 18. Measured active powers and reduced active poweBSofvith ~corresponding simulated time profiles are shown in Fig. 19,

respect toQ - 20(a), 20(b), 20(c) and 20(d).
As shown in Fig. 18(a), the measured active powers and (P
=== bus voltage wi cactivate

currents of ES are plotted with respect to the measured — Bus voltage with ES activated
reactive powers. When the conventional controller is aohli A ‘
the measured active power is decreased with respect to the
increase of compensated reactive power capdcty|. As
illustrated by the green curve of Fig. 18(a), the inductine a
capacitive operations of ES will shed the NCL and reduce
|[In|. As Iy is reduced, the current stress of the passive circuit ;
components is alleviated and the power loss will be reduced. o7b— v,
The real powers of ES with the proposed cascaded controller 2040 60 8, 100 PO 140 160 180 200
are generally smaller than the cases of the conventional

controller. This verifies that the proposed control scheare cFig. 19. AC bus voltage with and without activating ES.
effectively reduce the power loss of ES. The reduced active

power of ES in percentage with the proposed cascaded contrdin this simulation, the voltage of the supply voltage is
scheme can be plotted as shown in Fig. 18(b). W&ean is controlled to fluctuate between 109.3 V and 114.2 V to
close to0 Var, the reduced active power is significant. Whilsimulate the intermittency of the unstable source. Astilated
Qs is close to—45 Var and45 Var, the reduced active powerin Fig. 19, without activating the ES, the RMS value of the
is small. This is because that, whé®,,| is small, the ES PCC voltage is varying between 107.3 V and 112.2 V. When

—_
—_
—

Bus Voltage (V)
=

4
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4300 20(b) illustrates the time profiles of the generated reactiv

4000 powers and smart load reactive power. The profile of the smart
Z 3500¢ ‘ A T loads reactive power overlaps the profile of generated sourc
- H H H H H H . . .
53000 “TTAGHivG power of unstable source reactive power. This proves that the smart load can effelgtiv
22500 —— Active power of smart load compensate the reactive power fluctuations of the unstable

22000k BRI source.
] N i Fig. 20(c) shows the time profiles @f;¢ with the conven-

A S S A A S A A tional and the proposed controllers. For ES with the conven-
204060 80,100 150 140 160 180 200 tional controller,75c is consistently regulated ats V. For

(a) Time profiles of generated active power and smart ES with the proposed Contro"m .iS adaptively changed
load real power. betweerBl V and148 V. At the beginning and the ending time
1000 points of this simulatiorypc is deliberately controlled ait48
Ny V so that the accumulated energy of ES are solely dissipated
7 500F as power loss. The time profiles of the cumulative dissipated
% 0 energy of ES with two types of controllers are shown in
% Fig. 20(d). After 200 s, the accumulated energy dissipation
=500} of ES with the proposed controller 929 J, which is3%

& N VN NN smaller than the case of the conventional controll&64
51000 T Reactive power of unstable source J). This proves that the proposed cascaded control scheme
-1500k—_|——Reactive power of smart load can effectively reduce the power loss of ES in the real-time

20 40 60 80Ti%)g(é)20 140 160 180200

operation of compensating grid power fluctuations.

(b) Time profiles of generated reactive power and smart
load reactive power.

;1 8 - - -V with conventional controller

16 | — V. with proposed controller VII. CONCLUSIONS

§nl4 T .

2120

EIO The ES can effectively address the intermittency of RG with

880 R its ability of manipulating NCL in a real-time manner. To

2 60F | v ‘ : improve the reliability and efficiency of the ES, the caschde

§ 40 AW U voltage control scheme is proposed for the ES with DC-link

<ol i film capacitor. Both the SS and QSS operating models of ES
20 40 60 80_100 120 140 160 180 200

Time (s) are developed for the accurate derivation of ES output gelta
reference. Mathematical derivations of the optimum averag
DC-link voltage for achieving the minimum power loss are
provided. It is illustrated that by operating the averagelb&
voltage of ES at a properly low level, the power loss of ES can
be effectively reduced. The robust inner-loop voltage iaier
is designed to isolate the disturbancesgf- from propagating
to the output without dampening the transient response..of
By applying the inner-loop voltage controller, a small Fpca
‘ . | (15 uF) can be used to replace the large E-caps(uF) as
T 0 i i L[ 199 1995 20 the DC-link capacitor without deteriorating the ES outputs
204060 80,199 120 140160 180 200 The experimental and simulation results have verified that t
(d) Time profiles of the cumulative dissipated energy of proposgd (,:PntrOI scheme can effectively improve the effigie
ES. and reliability of ES.

(c) Time profiles of average DC-link voltage.
4500,

---- E. with conventional controller
—— E_. with proposed controller

Fig. 20. Simulated waveforms of ES compensating the fluictggtowers
in AC microgrids.

VIII. A PPENDIX
the ES is activatedV,, is regulated to 110 V and the bus

voltage is stabilized. . .
9 When the smart load is operated at the unity power factor,

The profiles of the generated active power and the sm | . lcul ;
load real power are shown in Fig. 20(a). The pattern of tr?ég smart load active power can be calculated by using

smart load active power is similar to the profile of the source
active power. This means that the smart load is operated to
consume the unstable part of the generated active power. Fig

[Var|?

Priae = M1
M Zn | cos a

(38)



By combining (6) and (38), the QSS model can be derived gs]

(}%W"’0-5}%nax)2 +’C2%{

(1]

(2]

(3]
(4

(5]

= (

= (

= (

2
[Var|? cosa — [V ||V | cos(a +6) [Var|?
|ZnN| 2|Zn| cos
P 0.5P 0z
2
. [Var |2 sin o — |V ||V | sin(a + 6)
|Zx|
Qkf
Va2 2 Vil cosa — [V P|Vie| cos(a + 6)
2| Zn|cosa’ |Z n|? cos a
N [Var|*(cos?a + sina) + |V |2 Ve |?
[Zn 1
2\Var?|Ve| [cos(a + 6) cos a + sin(ar + 6) sin
- [Zn 1
[Var |2 ? [Var|* cos o — |V |2 |V | cos(a + 6)
2| Zn|cosa’ |ZN|? cosa
n |VM|4 + |VM|2|V0|2 — 2|VM|‘3|V0| cos
1Zn?
Vil )°
2|Zn| cos a
—_———
0.5P max
N |Ve|? cosa — |V |Ve| cos(a — 6) |Var|?
|ZnN] |Zn|cosa
—Pc Pmax
2
Bss) PPy
(39)
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