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ABSTRACT

SolidState Transformers are one of the most
complicated power electronic devices that are sought to
be an alternative for conventional low frequency
distribution transformers (LFDTs) with embedded
functionalities. Active power injection at MVDC and
LVDC ports of the SST can affect the stability of the
controller, drastically. In this paper, a control method
based on the Lyapunov Direct Theory (LDT) is presented
for the SSThased MGs. Simulations are performed using
MATLAB/Simulink for constant and varigblpower
injection at MVDC and LVDC ports of the SST as well
LVAC side. Simulation results show that the proposed
controller guarantees the global and asymptotic stability
features of the SSdased MGs subject tinternal
stability of the connected subsyste

INTRODUCTION

SolidSt at e Transfor mer’ s
stages provide energy hubs at Medium Voltage DC
(MVDC), Low Voltage DC (LVDC) and Low Voltage
AC (LVAC) levels. Ths key feature makes the SSTs an
optimal solution for integrating both Aénd DC Micre
Grids (MGs) into distribution systems.

Four main issues efficiency, cost, competition, and
protection compatibility are challenging SSTs vs LFDTs
and therefore SSTs <can’
LFDTs in the near foreseeable fut(il¢. The authors of

[2] disclose and explain the roadmap of the future
renewable electric energy delivery and management
(FREEDM) system in which a plugndplay placing
method for the distributed resources is desired where the
key for managing the energy at AC/DC and MV/LV is
SST. Finally, the smart transformer idea directly uses the
SSTs as the core of miegrids (MGs) in the HEART
projectas shown in Fig. 13].

As an accepted solution for interfacing renewable energy
resources into the distribution gridthere are several
works in the literature that addressing the SST based MG
issues.In [4], a model that provides a framework for
small-signal stability assessmeaf SSTis developed.
The model considers theapability of plug-andplay
support of dc loadgeneratios. However, this work

d o e sreflect the stabily properties for an arbitrary
power injection from DC subsystems.
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Fig. 1 comparing the independent AC and DC MGs vs
SST-based MG$3].
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addressed based on the conventlonal techniques in the
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stability features of the nonlinear systefwthors of[6]

have presented tlemntrolarchitecture of th&ST based

MGs based on the high frequency commercially

available devices but theywae n addressed t
ures for rary. pleandplay.de | r power

reg)urcaeMOEerbdag) LIfiltfl,\ld :\i/vc})rk gf p%ege%tggt?ﬁ v'\ﬁ%erﬁt for

integration of SST and zonal DC MGs has been

investigated An intelligent energy management system

has been proposed to handle power between multiple

energy storages and resourcdgerarchy of the power

management for SST based MGs at system level is the

topic of [8]. Control strategies at different levels have

been studie@nd it is shown that the SST is an effective

solution for power management of MGfoweve, these

works only concentraten the applicability of the idea

and they haven’ t addressed the

overall system with embeddedsulsystens with

unpredictable power injection.

In this paper,an asymptotically stable controller is

designed for SSTs based on the Lyapunov direct stability

theory which guaranteeplug-andplay of internally

stable subsystems t8STs for making MGswithout

violating the asymptotic stability of the SST based MGs

stabi
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Fig. 2 Structure of &ST with arbitrary embedded energy ports.

MULTI-PORT SST MODEL

Fig. 3. Shows the SST topology used in this stuche T
overall differential equations of the SSWithout
embedded active powers are given[8). The SST
differential equationsvith embedded currenhjections
can berepresented as follows:

d. Vg 1

alsd = :isd l’ﬂ'sq oL Up g f C (1)
S S
: : R;. Vya 1
—leg= W — —=u —e 2
dt sq sd Ls sq ZLS 1q Ls « ( )
d _ 3. )
avdcl_E(lsduld *séﬂlc)
ot ) B :
- ——\ifalUzg tiglaq )~ ghnjmv i Ly
4kC c k
R
iifd = i q W Ygotos Yia 4
dt L; 2L L;
R V,
iifq = i fq W 22 2% g ®)
dt L, 2L L;
d 1. 1.
aVLd :C—flfd 'H/V\/Lq alLd (6)
iVLq =— g Wy — g (7)

Wherevy andvg, are thedg components ofs andey and

ey are thedqcomponents ofs. Also, vig andvi are thedq
components of; andviqg andv,q are thedg components

of vi. i andig indicate thedq componentss. i (ig and

irg) andiy (iLa andi_q) are the inverter and load tlerphase
currents, respectivelyRs and Ls are the equivalent
resistance and inductance of the distribution network and
thegrid side filter respectivelyln addition R, Lr andCs

are the resistance,dactanceand capacitance of thead
sidefilter. The injected current at MV and LV DC ports
are respectively represented kywv andiinLv and are
shown in red color in equation (3).

In this modeljsolation stage dynamics are neglected due
to its fast dynamic response comparing the AC/DC and
DC/AC stagesln addition, high frequency effects in the
system are omitted and the model can be named
simplified SST modelPort powers are identified based
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on their arbitrary current injection into the MVD&hd
LVDC portsof the SST

STEADY-STATE ANALYSIS

Steadystate analysis is essential for finding the stable
operating regions of the SSTo simplify analysis, all the
steadystate are denoted in uppercase letters and the most
important equations at steadiate are given in the
following equdions:

2 .
Uld :V—S 'Rslsd WLJ sq E+m (8)
da
2.
Ulq _\/_8 'WLSI sd RJ sq (9)
dat
2,
Uy = ER GV, Ry 10
dc2 10
ER R\ o2
Uy = 2 SRfoWVLd R g
dc2 (]_1)
H14 )V, K g2
géRf CoA* R G2 Y, ®
2 2R Gl gViq 2R G m Mg
Idc2 (12)

=—— &
Viez ad 1 LdVia # ¥ iq
?’Rf ILq2 R 14

More details are given if9]. From (3), the operating
limits of the SST under connected active fassive)
subsystems can be estimated as:

2 2
'Rslsd +Em| sd RJ sq

Al 4o 1 By (13
- gy | 5 &
¢ k MV k Lv '92_

Wherelwy andl v are the steadgtate values of thig;mv
and iinLv, respectively. This quadratic polynomial
equation has solutions féyyin real numbers subject to

k a 1
(Em2 +4RZ| qu) 'kgéMv +EI v (14

2RVqq
By replacinglqe from (12) into (14), following cire is
obtained

Ich ¢
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This circle is illustrated in Fig. ®r different values of
power injection into the grid. Generally, passive current

(i.e. loads) reduce the acceptable region for lading the
SST and active current injections at DC ports enhance the

S S Tdceeptable operating region.
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Fig. 3 variation of SST loading area as a function of
injected power atmbeddedubsysters. The area inside
two red circles shows the variat®due tdmv+lov/k.

PROPOSED CONTROLLER

To start the controller design, new state variables are
definedto map the steadstate operating point to the
origin of the Cartesian coordinate systehaxisas:

X = lgg -l sd X2 ':sq I sq

X3 =Vger Vo % Fa 1 (16)
X5 =itq ligXe Vg Ve X% WF Vig

And, defining controllaws as:

Ug =Uyg + By kg9 dt 17
Ug =Uyq + Wy kifpe(d dt (18)
Uyg =Upg + WDy kifixe(D dt (19
Upg =Ugq + By kifpe( dit (20)
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Each one ofttese lawsave three partwhereUqy, Usg,
U2g, andUyq are available from the steadyate analysis.
Integral parts areadded for compensating steastate
errors due to uncertainties suchacuit parameters and
measurementsBut the third part is for constructing
globally asymptotic stable contrl@ws. This part is not
defined yet and has to be formulated such thatithe
derivative of thepositive dfinite Lyapunov function

becomes negative definit8.o uw, Aud Ul aumd A
are obtained as
Dug =2 (%Vg %elsd) (21)
Dulq :bxzvdcl (22)
ax
Duyg :g(@;aeké ltg XaVico (23
a
Du2q ﬂéﬁxki Ifq X5Vd02 (24)
Wher e a, afepositve reahnumbers.

SIMULATION RESULTS

To evaluate the proposed controller, an SST with the
parameters listed in the table | is us@avo types of
disturbances are adoptét evaluating the performance
of the proposed controller. The first isabvariation that

is shown by blue solid line in Fig. 4 and the second is DC
port currentvariation that is a sine wave with éngency

of 0.25 Hzshown by black solid line in Fig. &he sine
wave is used to show the fast and vast variation of the
connectd subsystemd:ig. 5 shows the obtained results.
It can be seethatthe grid current has harmony with load
variations and voltages track their references, effectively.

Table Iparameters of SST for enabling MGs

Parameter Value (unit) | Parameter | Value (unit)
R 1.1 ( Q| Vi 500 (V)
Ls 10 (mH) Ve 500 (V)
C 1000 (|U 6.78x10°
R 0.2 (Q|b 1.53x10
Ly 5 (mH) 2 3.76x10°
C 500 (u|d 4.82x10°
f 50 (Hz) Kd 0.052
k 1 Kq 3.561
Em 163.3 (V) ke 0.005
i 5 (A) ks 0.007

8
6 DC Port Current | |

Load Current
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Fig. 4Load currentblue solid line) and DC port current

(black solid line) used in the simulations.
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Fig. 5 simulation results based on simplified model of the SST; (a) Load voltage, (b) DC bus voltage, and (c) grid current.

CONCLUSION

In this papera lyapunov based controller for ensuring
asymptotic stability of th&ST basedGsis presented
Integrators are added to final control laws to cancel the
steadystate errors. Simulation results gw that

(4]

embedded subsystem at DC port of the SST with fast and 5]

vast variation in the injected power can not disturb the
performance of the SSRIso, active power injections
enhance the loading capability of the S&Td passive
powers limit its loading capabilitie3 herefore, the SST
based MGs that use such a contrgiiesserveasymptotic
stablity of the system
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