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Abstract— This paper presents a comprehensive statpace
dynamic model of a future power distribution system for plug
and-play interface of distributed renewable energy resources
and distributed energy storage devices. The system, called the
FREEDM system, comprises of multiple solid-state
transformers (SSTs), and load, generation and storage
connected toeach SST in a distributed network. The system
allows for high penetration of renewable generation with
energy storage at the distribution level A physics based70"
order state-space average modek first developed considering
the physical and controller properties of a singleSST
FREEDM systemalong with its distribution components This
fundamental model is then extended to build a multiSST
FREEDM system for feasibility and dynamics behavior
analysisof the entire system which igssentialto ensure system
power balance.The full average model with multiple SSTs has
been incorporated in anlEEE 34 bus distribution testbedfor a
scaledanalysis of the system

l. INTRODUCTION

The Future Renewable Electric Energy Deliyeand
Management KREEDM) power distribution system is
desgned to facilitate distributedenewable generatioand
energy storagentegrationand plugandplay interface of
these componentsThe system consists of one or more
solid-state transformers (SSTs) enabled with
communication whictserve as an energy routiwat allow
flexible energy sharing among consumers in a residenti
and/a industrial distribution systenjl]. The onenode
FREEDM system consists of single SST,a DC energy cell
and an AC energy cell on the low voltage side thud
distribution systen{2]. Each AC or DC energy cell consist

of Distributed Renewable Energy Resources (DRERS)

Distributed Energy Storage DevicdDESDs) and local
loads Fig. 1 shows a twenode FREEDM systerwith all
the distribution components in thenergy cells. The
renewable generation sources and the storage devices
enabled to be plugndplay types with thepower
electronic converter stagbetween thesdevicesand the

a

system nodeskEach SST with its builtin intelligence and
communication features serves as arergy management
unit, or in other wordsas an energy routerto enable
integration ofenergy cellcomponentswith the traditiona
grid[1, 2, and 3].

The SST is a power electronics based device that can
provide efficient operation with much smaller size and lower
mass compared to an iron core traditional 60Hz distribution
transformer[3, 4, and 5]. The advancements in power
electronics and converter control techniques make
possible to utilizethe SST to buffer thiedium Voltage
(MV) grid from the Low Voltage (LV) distribution side
where local generations, storages and loads are lo&gdd.
improves the performance of ethpower system by
incorporatingpower quality features such gsower factor
correction, instantaneous voltagegulation,voltage sag
tolerance, and harmonic isolatiah the distribution level
(residential users and industry customgis)6]. The SST
with its intelligence sharing feature with other SSTs in the
system can improve system reliability whgeoritizing the
usage of maximum possible green energy [B, Prior
research focused on developsigiplified models ofsingle
SST without considermn the renewable generation and
storage components and their physical constraints or
interactions among the SSB [8, 9, 10 and 1]. A
clomprehensive system level study relating the operational

it

constraintantroducedby the physical parameters were not
addressed previouslyFailures were observed in pri@ST
based distribution systeranalysis, but the fundamental
reasons forthe failures were not unearthed12]. The
primary contributions of the paper are twofold: First, the
tevelopment of aphysics based ™0 order statespace
average model consideg the physical and controller
properties of a singl€ST FREEDM system along with its
distribution level energy cell components; second, use the
fundamental model to build a muBiST FREEDM system
for feasibility and dynamics behavior analysis of the entire



system Feasibility analyis addresses the power balance ofdisturbances within anulti-SST based~REEDM system.

the multiSST system which is a necessary condition fofThe modeling process starts with building sylstem state

system stability.In addition, ncluding the dynamic features space models, such as those for SST, Wind DRER, PV

of PV, wind and storageith the dynamic characteristics of DRER and DESD. The swdystem models are then

the SST is essentidibr a comprehensiveystemanalysis  integrated to bild the comprehensive FREEDM system

The full average model with multiple SSTs has also beemodel. The component states and the associated controller

incorporated in an IEEE 34 bus distribution testbed for states are also separated such that the plant model and the

scaled analysis of the system. controller model can be developed and upgraded
Feasibility and equilibrium analysis enables us toindividually. In Fig. 2 all the parameters and phydistates

evaluate system operational bounds of a RE8#T are shown by; andx;, respectivelyPI controller states are

distribution system due to the coupling and interactiordenoted byt;; andd;’s are the output of the controlter

among various system componentée developed multi  DAB output current islenoted byi, .5, rectifier net output

SSTmodelis used to find the feasible operating bounds opower is presented ¥,., while L, andL,. representthe

the system System power balance addressed through thaeet load ofDC and AC energy cell§generation sources,

feasibility or equilibrium analysis is a necessary conditiorenergy storage and local loads}spectively.

for system stabilityfor a given power flow conditianf an . . :

infeasible operating point is chosen for the system, no The timescales of evolution of the different states,

controller will be able to maintain system operatidnis to hqwever, Zre rm(;plly dlffe(;:inrt]_ raﬁglr;ggsTfrgm Im
be noted here that controllatesign to avoid unstable microseconds to 0.1 seconawthin the - >ihgufar

operating points due to harmonic resonance among multipperturbatlon techniques have been applied to reduce the

SSTs is also dical which needs to be adsssed after model order, and represent it in a more trdetaiorm.
ensuring system feaslity. This paper focuses on model _Slngular perturbation method separates the dynamic system

based analysis to ensure feasible operation of all SSTs in tfﬂ-{'o slov_v.and fast vanaplgs that allow the simplification of
the rectifier modeby eliminating the states thakve no

system.
effects on system performancé3]. Total sysem states
— have been reduced from more than hundreds for the full
Zines Esd —-——- FREEDM system by utilizing the model reduction
Grid techniguewhich madethe system analysmanageableThe

final order of the simplified derived model, including all
interral controller states, is 70

A. SST - Rectifier Model and Controllers

‘ DC Load
[ DCDRER
[ DCDESD

AC Load H DC Load
ACDRER | [ DCDRER
ACDESD | [ DC DESD

AC Load ‘

ACDRER | The rectifier is the connection point of the SST, and
CEED | more generally the FREEDM system to the grid. The
modeled rectifier has an LCL filter at the front end which is
simplified to represent an -tectifier through model

II. AVERAGE MODEL CF THE FREEDM SYSTEM reduction. In a dual loop controller, the rectifier output
voltage is controlled in the outer loop that generatesithe

The FREEDM system consists of SST, DRER, DESDaxis current reference for controlling tlg-component of

and local loads that makes its overall dynamiqs nonlinear ithe SST input current in the inner loop. Current reference
e A e ouer Slectonce Sa0eS gan be sel o zero for Uiy povier facor in e
LVDC and LVAC. Thesethree conversion stages are: controller that controls the reactive power flow.
Rectifier, Dual Active Bridge (DAB) and Inverter as shown  Fig. 2 shows the simplifiectircuit diagram of the
in Fig. 2. The rectifier stage converts MVAC power intorectifier and the equations (1) present the rectifier
MVDC power which is then processed by the DAB tophysical states, controllerstates and controller output
convert the MVDC output into lower voltage levels. Thewherey,, y,, x;andx, represent andg-axes grid voltages
DAB is essentially a DEDC converter with a high and currents, respectivelfll the parameters and states are
frequency transformer. The inverter converts LVDC intolisted in table 1.

LVAC for the AC energy cell applicationsExisting

Figure 1. One node FREEDM system model.

modeling approach is based on sir§ET configurations x; = —ﬂx1 + wix; +idlx3 —iyl N
without the energy cell components and the contiolezre “ a, “11 “11

developed based on the assumption of existence of ap = —w.x; ——x, + —dyx3 ——y, (2)
equilibrium point[2, 8, and9]. This work presentsraend 1 ! P a1 Ay

to-end comprehensive mathematical model capturing all ther, = ——d x, — —— (3)
nonlinear, and sometimes nemooth, dynamic phenomena s d3X3

triggered by different types of switching command, andéi =11 — X3 )
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Figure 2.Solid-state transformer circuit model.

S = ay(rn — x3) + asty —xy ©) i = d3(1—ds)ass - 1 X (12)
& =q1— X (6) ) 2011014045 a1 Lpc

d; = ag(as(ry — x3) + as§ — x1) + a;5;, 7 §4 =Ty — X5 (13)
dy = ag(qr — x2) + aols 3 d; = a6(r, — x5) + a1784 (14)
d, = dy cos(0) + d, sin(6) 9

X, = x, c08(8) + x, sin() (10 C. SST - Inverter Modd and Controllers

In the inverter stagethe AC inverter controlsthe
magnitude of the output sid€C voltagein thedq reference

the phase locked loop (PLL) f. PLL synchronizes with frame to interface with the AC energy cdh inner current

the input voltage of the SST such that accurate phase of tfRPP can be added to track the voltage references faster. The
AC voltage can be detecteSubstituting (9-(10) in (3), inverter circuit dagram is shown in Fig. 2. Inverter state
second harmonic terms will appear in (3) that represents t uations, controller states and outputs are given in

second harmonic oscillation superimposed the steady ~ €duations (15§22), wherexg, x;, xs andx, represent and
state value of each signal. It is important to captufe th g -axes inverter output currents and voltages, respectively.

d, and x, can be found using egtions (910) through
single phasep- dq modeling and the phase outp@) from

dynamic variation of the AC side in the output DC voltage, _ 1 azo 1
o . . Xg = —dyXs — —Xg + Wy X7 ——X 15
of the rectifier vinich was not reported earlier,[84]. The 6 a1e 5 ag® . 27 as 8 1%
SST control loops are givén Fig. 3in thed-q domain;the  %; = —dsXxs — wpxg — —22x; — —Xg (16)
. aig aig aig
parameter values atke same athose inthe rardwareSST . 1

8 — —Xg — x8 + (szg (17)

1
built for the FREEDM system [15T he @ntroller gains for x a19"®  ajolac

different stages of the SST amhosenbased on the x, = Lx7 — wyXg — . (18)
eigenvalue analysis; theigenvalueplots with the selected . @19 a1olac
gains are shown in Fig. 4. gs =73 —Xg gzg
6 — —Xog
B. SST - DAB Model and Controllers dy = Ay, (Y3 — Xg) + Ay 1)
The DAB consists of twofull bridges anda high 95 = @23(Vs = Xo) + 2436 (22)

frequency transformer in between these briddasorder to

be able to transfer the power from the first bridge ® th D- DRER Model and Controllers

second one, phase differencaust exist between the

switching of these bridgesThe states of the system are  Both the DC and AC energy cells have similar
input and output capacitoroltagesand inductor current. componentsthe LV side consisting of a PV DRER, Wind
However, he system can be divided into a s{quing DRER, one DESD and a load. The difference in the DC and
system and a fastarying systensince the capacitor voltage AC energy cells is in thpowerelectronics interface circuits
changes aremuch slowercompared to the changes in connecting them to the DC and AC budeach component
inductor current[16]. The two-dimensionalrepresentation ~alongwith its coupling on both thBC and AC energy cells

of the DAB converter is obtained by linearly representinghave been modeled separately to capture the detailed
the fast varying inductor current in each soterval and physical characteristics which were missing in previous
app|y|ng the statspace averaging meth(ﬂquations(ll). studies. Both PV and Wind DRERs have been considered

(14) provide the final state equations for DAB along withfor generality in the FREEDM system, although in reality,
the controller output. only one typeis expected to be present in an energy.cell

The physics based PV model has bfeemised in this paper

(1D where the parameters of the nonline&tequation are
found by adjusting the curve at three points: open circuit,
maximum power, and short circuit?, 1.

. 1 1 dz(1-d3z)a
Xy =+ X3 — X, — 318y
ai10a12 ai10ai12 2a10a14015




Mathematical model for the interface is also deped and

shown in equations (23%B85). While the SST local
Xa anidq )’((2’ controller regulats the AC bus voltages,hé control
o objective of PVDRER modelis to operate at Maximum
Power Point (MPPYhrough ontrol of the interface circuit
PLL an/dq yi
Va V2 . 1 1-dg
X10 = . X11— p X12 (23)
1 1 7g
xll —_ _a_26x10 a26x_11 (24)
. 1-dg 1 1
X12 =7 10 a27a23x 2t 427028 X15 (25)
1
X13 = _Exs - a_3x13 t wyxy4 t+ Edﬂfls (26)
a 1
Xig = ——Xg — WpXy3 — X1y + adaxm 27)
. 1 d 1 J 1 u, 28
X5 = ———dsx Xqg ———
g ds .15 2a3, 2 O agyxs 28)
X5 - §7 =T5 — X111 (29)
OAB Control g =Ty — X15 (30)
ontro >
§9 = a34(13 — x15) + azs8s — X3 (31)
ys = (o % 10 = —X16 (32)
N [RAN dg = a36(15 — x11) + as7&; (33)
X5 — g/an ——dy d; = a3g(az4 (1 — X15) + A35§5 — X13) + Azefo (34)
dg = —Q40%16 + 41810 (35)
o =2 [ o
N L]
The PV modulesare connected tbV DC bus through a
X9 Inverter Control boost converter to amplify the palnvoltageas shown in the

PV DRER interface circuit in Fig. ®ased on voltage level
of the panels, other DOC converters can also be coupled
go theLVDC bus Boost converter handles the MB&cking
slgorithm for the PV DRER as the DC bus voltage is

Figure 3.SST ontrol structure with its internal control loops

The rectifier and inverter average models of the DRER

are matched with the average model of SST's rectifier an .
inverter to maintairconsistency in modeling. Mathematical regulated by the SST DAB local controller. Mamatical

models and interface circuits of the PV DRERs for both thénOdet! for tgg Alfr(;terface is also developehd shown in
AC and DC energy cells are provided in the next paragrapﬁ.qua |olns (36]40).

Wind DRER is also developed with a total of 26 system andzs = _—X23 — %xm (36)
controller states in DC and AC energylseih a similar Fon = — T8 (37)
manner as that of the PV DRER, which is not presented t0** a3’ 2% as3xzs

avoid repetition.Fig. 5 presents the PV DRER interface %,, = A-di) Xyg — ——%Xy4 s (38)
circuit for AC energy cells. Boost converter is coupled with fas a4t a4l

rectifier circuit to convert the lower DC voltage of the PV §13 =77 = X33 (39)
systemto lower AC voltage. DRER circuit is directly di1 = A46(T7 = X23) + Q47813 (40)

connected to the AC bus through the interface circuit.

Eigenvalue Plot of Rectifier Eigenvalue Plot of DAB L %107 Eigenvalue Plot of Inverter
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Figure 4: Eigenvalue plots of the SST stages.



Table 1:System and controller statesferencesndparametersist for FREEDM system.

System and Controller States

x; | Rectifier d-axis b Inverter g-axis | x,5 — X390 DC DESD interface| &, DC DRER interface converte
inductor current inductor current converter states controller state
x, | Rectifier g-axis Xg Inverter d-axis & —& Rectifiercontroller states | &, DC DESD interface converte
inductor current capacitor voltage controller states
x; | Rectifier  capacitor| Xq Inverter g-axis I DAB controller state
voltage capacitor voltage
x, | DAB input capacitor| x;,—x;5 | AC DRER interface| & —¢ Invertercontroller states
voltage converter states
xs | DAB output | x4 —x,; | AC DESD interface| &, —¢,, AC DRER interface
capacitorvoltage converter system state converter controller state
x¢ | Inverter d-axis | x,, —x,, | DC DRER interface| &, —%,, AC DESD interface
inductor current converter states converter controller state
System Parameters
a, | Rectifier filter a; DAB output capacitor Qg Inverter filter capacitor g DC DRER interface converte
inductor —a,,; | controller gains
a, | Rectifier filter a, DAB input resistor azo Inverter  input  filter| a,g AC DESD physical parameter
resistor resistor —as;
a; | Rectifiercapacitor a3 Transformer turnsatio Ay, Ayp Inverter d-axis gains of | acg AC DESD interface converte|
controller —ae | controller gains
a,, | Rectifier gains of [ Transformerswitching Qy3, Ao Inverter g-axis gains of | ae, DC DESD physical parameter
as | voltage controller frequency controller —as
aq, | Rectifierd-axis a;s Transformeinductor a,s—az; | AC  DRER physical | as DC DESD interface converte
a, | gains of controller parameters —a,, | controller gains
ag, | Rectifierg-axis Q6,17 DAB PI controller a;,—ay; | AC DRER interface
a, | gains of controller gains converter controller gaing
a,, | DAB input capacitor Qg Inverterfilter inductor a;; —a,; | DC - DRER  physical
parameters
System References
w, | Rectifier frequency Lyc Inverter net outpuf 3 Inverterd-axis reference , DC DRER maximum powe
load (Ohms) voltage point voltage
w, | Inverterfrequency 1 Rectifier g-axis 7 AC DRER converter| 1 DC DRER maximum powe
referencecurrent reference voltage point power
B..| Rectifier net output n Rectifier output g AC DRER maximum| r, AC DESD charging/
power reference voltage power point voltage dischargingcurrent reference
Ly:| DAB net outputload 7 DAB output reference Te AC DRER maximum| 1y, DC DESD charging/|
(Ohms) voltage power point power discharging current reference
Control Outputs
d, | Rectifier d-axis d, Inverter d-axis dg —dg AC DRER converter duty d,, DC DRER converter duty
converterduty cycle converterduty cycle cycles cycle
d, | Rectifier g-axis ds Inverter g-axis | do—dy, AC DESD converter duty d,, DC DESD converter duty cyclg
converterduty cycle converterduty cycle cycles
d; | DAB converter duty
cycle
AC DESD are given in equations (4(50). DESD model

for the FREEDM system has utilized the detailed storage

E. DESD Modd and Controllers modeling to capture all the transients [19, 20].
The power electronics based interface witldipéctional . S ST S NUURIINE B J (41)
capability controlshe DESD chargingdischarging voltage "¢~ ass™® ass” 16~ " 2717 Tag 0718
and current for power and energy managemeitthe ; 1 aso 1
X . - = ——Xg — WyX1g — —X17 + —dqoX 42
system. Te charging volige of DESD is typically lower ~*’ asg 0 2TEE agg 1T T auy 10718 (42)
than the DCbus voltageand hence, good choice for this 1 p p 1
. . . [ —_ — +
interface circuit$ a buck converter for the DC energy cell *18 204 016 T g, 10T T G o 18 e
and an inverter coupled buck corlverter fqr AC energy cell. * (Voo + Xp0 + X371 — X15) (43)
However, to dbw flexibility in choosing the voltage 1
rating of the battery, a bidirectional bubkost converter for ;= — +
DC DESD and an inverter coupled with a bidost (52053 asz(as; + aso)
converter have been used for AC DESD. Power electronics * (Vo + X209 + X1 = X18) (44)

interface circuits for AC DESD and DC DESD ateown in
Fig. 7 and Fig. 8, respectively. Mathematical models of the



X20 = —

X1g)

X21 =

11 =Ty — X16

(47)

1 1
54055 *20 asa(asy+aso) * (o + %20 + 221 = £
(45) §12 = —X17 (48)
1 1 dy = asg(r9 — X16) + 50811 (49)
—_— Xyt ————— dio = —Qgoa17 + 61§12 (50)
as6as7 ase(asy + aso)
* (Voo + x20 + X201 — X18) (46)
axs D, azg
Y B Ay, a1 a3
Xlé +
+ L xq1p A2 X5
Az = X1 Sl p a7 == "12 - X13,X14 Xg,Xg
I'mpp
Boost Converter Rectifier
Figure 5 PV DRER, Boost converter and rectifier for PV AC interface.
YTV M
ng + +
I mpp aus S e X
T X23 7 A T Xog 5
Figure 8 PV DRER and Boost converter for PV DC interface.
aso ass as7 as1
g as0
NN TNV
a4 \ase N
A3 Voo _;120 Xo1 Q49— X1 X16:X17 Xg:iXg
DESD Rectifier
Figure 7 DESD andrectifier circuit for AC DESD average model.
S; Ds 354
]
~ +
+ a J/ a + «
f— 2 3 ——
g9 - Xo7 Xog 5
X25 -
BUCK-BOOST

DESD

Figure 8 DESD and BuckBoost circuit for DC DESD average model.



DC DESD is directly connected to the DC bus and so theenewable generation and active load reduction. DC bus
rectifier stage is not required. Mathematical models for DGroltage of the rectifiemand DAB show overshoot before
DESD with BuckBoost converter are provided in equationssettling to the desired regulation points within 0.3 secs.

(51)(58). Battery Stateof-charge (SOC) isncludedin the
storage modeldefining it as the voltage across the
equivdent storage capadts as, and agg for the AC and
DC DESDx, respectively.

_ (1-diz)

X25 X6t ?9@7 (51)
. (1—?12 2) 1
. _ _ 1 _
X26 = 63064 Xs a63 25 A63064 26 (52)
o = di X (1-4dy3)
27 = T Xps T ————— <
Aes ae5(ag6 + ag7)
* (Voo + Xp9 + X30 — X27) (53)
) 1 1
X28 = — Y e ——
Aegleg aeg(age + ag7)
) * (Voo + 91529 + X30 — X27) (54)
Y20 =~ a72a73 29 azz(aset+as7) * (Voc + Xz9 + X0 —
X27) (55)
) 1 4 1
X30 =~ Xzo Tt
a74075 a74(ag6 + ag7)
( * (Vo)c + X9 + X30 — X37) (56)
: X5 — X26
§14 =T10 — o (57)
64
(X5 — X26)
dip = azs (rlﬁ - a—) + a76814 (58)
72

Ill.  CASE STUDIES WITH THECOMPREHENSIVE MODEL

Several case studies have bessnducted with the

developed comprehensive FREEDM system model to
evaluate the impact on the output voltage levels in different

stages of the system anddk performance for the controller
setpoints. Results are obsed whereDC and AC buses are

maintained at the set voltage levels with load changes in DC

or AC energy cells, start/stop of DRER generation and
DESD charging/discharging modes. Summasultsof two
particular case are shown in Fig..%ig. 9(a)shows hatPV
generation of 0.5 kWAdded at t=1 seitom the DC energy
cells causes arovershoot in theSST rectifier and DAB
output voltagesvith energy being fed back to the grithe
energy storagén the charging modand windgeneration
unit are connected tthe system at=2 scsand 3.2 £cs
respectively.The DC voltage in rectifier and DAB output
drops at first but the controllers are able to maintain the
steadystate regulation. For analyzing the dynansc
introduced bythe AC energy cellPV DRER AC DESD,
and wind generatioare connected to the systent=i «cs

6 =csand 7.2 scs respectively. Fig. 9(b) shows that the
DC bus voltagdluctuatesdue to addition of thé&C energy
cell componentsThe AC output voltagéuctuations, which
are smallercanonly be seewhen decomposed tbq axes.
Fig. 10 shows the system response wherS®€& operating
mode is changedor reversing the power flow with
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Figure 9 Case studies with Y®rder average model.

Rectifier Output Voltage

7000
6000 ¢ I
5000 ; : ;
1 1.5 2 25 3
) Input current (d-axis)
0 __—“—_ﬁchange of mode
2 : :
1 1.5 2 25 3
DAB Output Voltage
500 T k . .
400
300 ! ! :
1 1.5 2 25 3

Time (seconds)
Figure 10 Case study withegenerative mode of operation



Rectifier OQutput Voltage

Fig. 11 shows the system responsdidwing a 30%
voltage sag in the grid voltage from 3.6 kV to 2.52 K¥ie 7000 Load Cha”ge\‘
controller is able to regulate the output voltage of rectifier, 6000 | NN —
DAB and inverter with the change in input voltagiet=2 - :
secs As the DC voltages are regulated precisely, the impact 05 LaBoutputvoltage - °
on the inverter output voltage is minimal with grid voltage %’450
variations. ému \/\ k_

The system response with variations in output DC load %
has also been anabd with the model. Figl2 shows the > 30— 1 5 2 25 3
respnse of the regulated voltages after a step change in DC  ,q, __ Inverter Output Voltage
load from 50 ohms to 80 olemThe controller is able to
regulate the output voltage of rectifier, DAB and inverter 0
with the 60% chage in active poweat t=2 scs DAB 200 . . .
voltage shows a 10% surge digethe step change, but it 2 2.1 2.2 23 2.4 2.5
settles to the regulated voltage of 400 V within 0.15 secs. Time (seconds)

Figure 12 Case study with active poweariation.
Rectifier Output Voltage

7000 Voltage Sag 1 7000
W Parameter Variation
6000 \/\’\ sool —h

Redctifier Output Voltage

T e 1 T T

Time (seconds)

Time (seconds . .
( : Figure 13 Case study system parameter variation.

Figure 11 Case study with input voltage variation

The robustness of the controller with respect to IV.  FREEDM SYSTEM FEASIBLITY ANALYSIS

parameter variation has been verified by cliegihe filter The nonlinear differentiadlgebraic statspace model of
resistance to observe the impact of physical parameters iy singleSST FREEDM power distribution system
controllers Fig. 13 shows the response of the regulatedgeyeloped in the previous sections provides the opportunity
voltage after a step change in input filter resistance of thyy  gerive analytical relationships between physical
rectifier from base value of47 ohms to 80 ohmsThe — parameters and feasible operational rangethe system
controller is able to regulate the output voltage of rectifier Feasiple operation range based on the physical parameters is
DAB and inverter with the change in $y& parameter yitical for a corinuous system operation andasibility
values att=2 sec The rectifier output voltage shows a gpglysis of the FREEDM system is essential to answer the
transient value of less than 0.10% due to the step chantmayimum net power capability that the system can handle.
the inverter voltage does not have any noticeable transielonce the feasibility bounds are known, the system
This analysis further shows thahe transient voltage parameters can be designed hardwareaccordingly ©
responseslo not show any significant ovest/undershoot  yrovide the required power flow and energy exchange
evenwith parametewariationsup toS(_)% frpm base_valtse flexibility. The pair ¥,,1p,5) has been identified to be
It has been found hat the rectifier filter resistance ciitical for determining the equilibrium of the nonlinear
determines tb feasible operation regioof the system EFrEEDM model wherelp,; represents the net current
which will be further explained in the next section. flowing through the DAB fge of the SST ary, is thed-

axis grid voltageExistence and uniqueness of equilibrium

are analyzed utilizing the réfier state equations (&) as



other parts of the FREEDM systecan be lumped as an eigenvalue analysis in the linearized rectifier model.

output load in the rectifiednitially, steady state valudor However, the important point to consider is that the

the d-axis grid current is found, and then, necessaninfeasible region of the system will not change by tuning the

conditions forl, .5 to maintain feasibility of SST is derived controllers asthe white zone emains unchangedafter

which is shown in equatior{§9-60). tuning the controller gainsThe results aregraphically
}’1 N \/(}’1)2 8IDAB T2 shownin Fig. 15 and Fig. 16

X1,ss = (59)

J/1

Ipapss < Bayrs (60) gn 'g‘
£ % i
Fig. 14 shows the relationship between the systernr _ Whﬁ’t‘f('j%"cf‘;ases
parameters and controller gains with the feasibility anc

stability region. In each subfigure, for a given set of

“ywonsi e oy
(y1,Ip45) in a range, it has been found if that operating TuneGoto G, Re;g’;ig";g;fhne
point is infeasible (white), feasibland stable (green) or Red decreaseanite remains constant
feasible and unstable (red). As it can be seen, decreasing the
filter resistance has resulted in reduction of the white space Design a,
which means that the feasible operation region ha . e s aoes

expanded. Moreover, the analysis has been done based o E,, Green increase
nominal set of entroller parameters used in the case studie: <, H
of section Ill. By tuning the controller parametdrem N

G;to Gj, it is possible to reduce theegion of unstable

points.G, is the nominal controller arG,, G, are the tuned
contollers to improve the stability of the system based on

|y gg (AMIPETES)

000 4000 G000
¥, [Velts) ¥, (Volts)

Figure 14 Feasibility and stability circle diagram.
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Figure 15. Expansion of feasibility region by reducindifiec resistancérom (a) to (b)
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Figure 16 Expansion of stability regionytretuning the controller gair{ga) to (b)



Rectifier input filter resistancea;) can be designed to feasibility conditions analyzed inthe previous section
provide expanded feasible operation region for any pair ahrough analytical means
(v1,Ipag)- Fig. 15 shows that reducina, results in

expansion of feasible operating region Qf S&ed ZONes - L earest (806), middle (820) and farthest (Bf€edes from
represent the unstable regions inside thsifde operational . : Y :
. . ; the point of common coupling (PCC) in Fig.. §ST input
range which can be reduced with the proper tuning of the ; oo
. . : voltage (d-axis) and rectifier output voltages of the three
controller gains. Fig. 16 presents a particular case of th

controller tuning to show the expansion of the stable regionfe(-:‘e(JIerS are shown in Fig. 18 as representative system

) : ; . variables. The rectifier output voltage in feeder 806 is being
However, with the tuning of the controlléhe white regon : . ) .
- : regulated at its desired value of 6100 V; the small variations
does not change that indicates the failure due to th

feasibility bounds is not dependent on controller design.

Fig. 18 presents thesimulationanalysis resultgor the

§re due to the changes of DRER and DESD currents into the
system.The rectifier output voltage for the rmitktwork
V. FEASIBILITY ANALYSIS IN A SYSTEM SIMULATION feeder 820 ShOWhigher levels of dynamiC variations due to

TESTBED the current changes in the DRERs and DESDs.
848

The comprehensive sing®&ST average model has been
incorporated in an IEEE 34 bukarge scale system
simulation (LSSS)testbedin a PSCAD platformwith
multiple SSTs for a scaled analysis of the systdime
developed multSST simulationmodel is used to find the
feasible operating bounds of the systeonsidering the
coupling and interaction among multiple SSTs in the
distribution systemThe LSSS testbeshownin Fig. 17has
26 nodes where each node has one or more B3iferent
phaseswith the configuration shown in Fig. Zhere are a . .
total of 40 SSTs connected in therious nodes of the LSSS s e e &6 _
testbedln this LSSS testbed, only PV DRER is considered, Fi9ure 17: LSSS testbed with circled nodes whose anabgidts are
Simulation analysis has been carried outvididate the presented in Figs. 18 and 19
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Figure 18: Feasibility analysis for SST in IEEE 34 bus.
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Figure 19 Failure analysis for distanSS in IEEE 34 bus.

feasibility violation rather tharbecause of acontroller
load for the SST at node 820 is still within the feasibintyg’jé?lb'ttg’eljssﬁoerngumggjr'i ‘Li‘ﬁ;‘;ﬁfda'r:‘ dthr'; v‘\’,"eorrk:ﬁgrmg

bound, and hence, it does not fail. The results for th , .
farthest feeder 840 shows that the input voltage keepaalgonthm development for a muST systenin [21].
decreasing, and at 2.5 sette operation fails when the VI. CONCLUSIONS AND FUTURE WORK

voltage reaches a level that is lower than that required to o .

maintain feasible operation. The failure at feeder 840 is dueov\'/::ragé'ilg ibcjtiznsogdiztn? trigﬁ;?rzg %ﬁﬁEE?h'\g
to the violation of feasibility constraint as the net load in th Y y 9

. development of a TBorder statespace system
system (~20 kW/ 50 amps) is more thdme tsystem can . .
handle (~10.2 kW/ 25.5 amps) with the reduced inputrepresentauoruf a FREEDM system nodéetailed SST

voltage. The results show that the feeder which is farthesfnOdeI along with renewable generation and storagersgst

from the grid suffers from infeasibility due to voltage loss inangetsheal':ecgg;essiggpg&n?n Trtrggiﬁﬁ] C|_rrchue|tsmté) delzjlﬁsatrrlgnAC
the feeder network. As the voltage level decreases at dista?lltI 9.

nodes, the maximum current that can be drawn by the DA SRegggMdesﬂgfer;hewﬁi?ﬁl: rgplejirraetéor;glr 22:33?, forg\:/:?
stage exceeds the limits forcing the SST to enter ap Y y q gp

To study the effect of parameteralues on system piing 9 Y

- e . components Satisfying the feasibility conditions in the
feasibility, the rectifier filter resistance has been reduced b ; . .
onethird to increase the feasibility range (~30 KW/ 80¥nuIt|—SST FREEDM system is a necessary condition for

amps) with the same voltage level. Fig. 19 (a) shows th%ysstem stabilityndependent of the performance of the local

results for the DAB voltage before the resistance is change T poweimanagement controllers.

: X L : . An |IEEE 34 buspower distributionLSSS testbed has
which fails to maintain the desired set point of 400R4. L -
19 (b) and Fig. 19c) show that the rectifier and DAB been developed to analyze the feasibility constraint and the

: . wer and energy sharing capability of the energy cells in a
output voltages with changed resistance value are reQU|at$n8ultiple-SST connected FREEDM systeffie feasibility

and the system is within the feasibility range with node ; . ) .
A . analysis results in thdarge scale simulation testbed
voltage as in Fig. 1&) and similar net load. The controller o
. demonstrate the dependence s§ystem feasibility on
gains need to be further tuned to reduce the dynamic” .. ~ . . . .
o . rectifier filter resistancewvhich was also observed in the
variations seen in the output voltages.

. o linearized model analysis. The feasibility analysis helps
The key parameters affecting the feasibiligngeof a > :
muIti-SSTypE))wer distribution sy%terran be obg:ged with selected the appropriafiiter resisancebased on the SST

the presated models and analysis. The results from th(location inthe distribution feederln a multrSST system
nonlinear simulation modeiorrelateWeII with the results (which is similar to multiple power electronic converters

seen earlielin the surface plots.The parameters can be connected in a network), theaeetwo fundamental reasons

X : : for instability, one is system power imbalance among
tuned appropriately in the design stage to enhance tt . ; . . -
o : . . sources and sinks leading to infeasible zones of operation,
feasibility region, and also to deteine the operation

R, and the second is the harmonic resonance between converter
bounds needed for controller designsimilar approacHor

design and analysisan beusedfor any physical hardware controller and thenetwork impedance. The aVeloped

used in traditional microgridlhe operationbounds provide ;?]g}pgshegzglienmoﬂgj;ﬂ\égjiirtgeSﬁgrma?;rrnf;aesr'bs'gﬁéction
the critical information on when system will fail due to ysIS, gn 9 y P '

andcontroller evaluation.

Although the rectifier input voltage decreases, the ne
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