Y = a [ k2 [ IS aA
ﬂTiﬁ"ﬂQ!’sTﬂﬂiﬂ1W!‘lN‘]J‘§‘1Jﬂ’J“UEN’§3‘U‘]JUl‘V‘h/\hﬂ]ﬁx‘i!’é)"lﬂ‘l.]uﬂ"lf

Hoelvaamas i

NN Taniu

U

a a dd” I ' 4! = [y a =S a
IeniinusiiuaiuniaveamsanmmurangasiyanIninssumansgui Uudia
I IanssyInih
uvIngnagmalulaggsus

Umsanm 2560



ADAPTIVE STABILIZATION OF AC-DC POWER

SYSTEMS FEEDING CONSTANT POWER LOADS

Theppanom Sopapirm

A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy in Electrical Engineering
Suranaree University of Technology

Academic Year 2017



o w =

Y = a vV U Y| | aA
ﬂ1‘§iﬁN!t’l’ﬂﬂiﬂﬁ/‘l!‘ﬂﬂ‘IJi‘]JWJ‘IIf’N‘Jz1J1J11W‘V‘I1ﬂ1aﬁlﬂ"lf!ﬂuﬂ“lf

Anelnaamadliihaeg

a @ v v o Aa a o @ g I 1 &
winanendoma Tuladgsuis eyiid ldiuInodinusafvildludiunilevesmsany

amunangaslsyanaugiada

q

a a J
AUTNTTUNITADUINYIUNUD

~=i—

(57. 95.0AA OADNINIAA)

5LFIUNTTUNIT

neroig

o [4
(57, 95.NOINU B13TTNY)

o a a o
NITUNIT (mmiwﬂ?ﬂynmmwuﬁ)

N

a 4
(561, 93.01008 f512)

NITUNII

N2

% L4
(57. A5.N09INA D135NH)

NITUNIT
e

(57. A5.1A WIAITDI)

ATTUMT
4 |1C— o Bk
gy <N " .~

(7. 93.dud ududs) (57 5.9. AT.NUATT TH5zrma)

= v A

a ' a @ I o a 4
5@Q@ﬁﬂ?ﬁﬂaNW83%1ﬂ15ua$WGNu1ﬂ31NH}Hﬁ1ﬂa AUUATTIUNIBIININTTUAITAT



mwnuy Taauiy - miadaadesmwdaludrvesszou lihmduediluasn
e Tnaamas 1Wind (ADAPTIVE STABILIZATION OF AC-DC POWER
SYSTEMS FEEDING CONSTANT POWER LOADS) 919136n13n11 -

4 Y o d
TONANITANIINITY AT.NDINUY f)’]dﬁiﬂy, 171 1’?13!}1.

esunlasiuidafiimsnruaueziinginssuFeuaiion Tnaadids Infhne
(Constant Power Load : CPL) 91nWHAN35UU04 1HanaIna1nedinanssnuaotanosnIn 9
wilszun IWfhnaadosniwie Tnaatismaa ihamie gniundseineinusi
5318 N3 IS IImnsnaEassnmvessz Uy Iihiguesiduaant Tnaasaa i

v 19y @

397 Falogalenu 2 Asmantienlgiuediannaung Tasnaunsamsanansznuvod Ivaa

u

)

[

° Y o A o q Y a ~ Y ax A ax ' ~
ﬂ']aQVI,V\IW1ﬂ\1G’]'JVI‘V]’IGlWﬁgULULﬂ@ﬂ’]ﬁGU’]@Hﬁﬂﬂiﬂ'lwllﬂ ADNITLUINAD ’J‘ﬁﬂﬁﬂu’N!mmLfJﬂﬂV\l

any (3 1

2 o A 1 Y A 9 I ' ' <
ﬁﬂ'lﬁu‘l/nulm@fJL‘WlIﬂ'lﬂ’NNG]']H‘V]']HL?(?J@UHH[I‘]JL‘]Ju@]ﬂﬂu’lﬁﬂl@ﬁﬂﬂﬂﬁﬂﬁ@ﬂ !m@ﬂ'lxillﬁﬂﬁ'lll

[

= ax [ 1 = o v o w 9
ﬂ1‘§°1_liilfl/]'lﬂ1§61ﬂmﬁﬂEliﬂTWﬁlﬂ]‘ﬁﬂ1iﬂ\3ﬂﬁ1’)ﬂ$ﬂeﬁ1@iﬂ ﬂ@]?ﬁJiZﬂﬁJﬂ?ﬁQ]‘l‘V\lV\lﬁlﬂﬂiﬂaﬂ

v =2

o Y v 1 ] [ %’, Aav A a IR ] 9 as a A ax
ﬂWﬁQHlV\'WTﬂQ@]’JﬂTﬁuQ ﬂQL!“LN11&?1fl]EJTVIEJTL!Wu‘ﬁﬁ]ﬁuﬂmuﬂﬂEWD‘ﬁQﬂﬂﬂmﬂ LHBDIVINIDNIT

AINANITIWITOVITININTVNIAEDETN N B gan1snuvesszaumas IiihwesTvanngs

[

1 Aax 1 = ] <) amy a 2 ) Y v v o aa
NIITMSHUNLUVLenN ’t’JEJNllifWﬂiJ ’J‘EQ‘IJﬂﬂmﬂllﬂgﬂuﬁJﬂ%ﬂ‘U’Nﬁ]iLLﬂﬂQN‘HﬂW Nk

I A A 1 = * o (=} Ao ~ o Aax a ’q Y o =1
SCEATENCEANGER "*]Nflﬁllllllﬁu’mElcluﬂﬂ@un‘ﬁaﬂﬂﬂmﬂNWﬂizQﬂﬁ1%ﬂﬂﬁﬁﬂﬁliﬂﬂﬂ§$

U

o W =

P ] Ay Y I axn = A Aa ] 9
?f'liJW\lﬁLL‘]J‘]J‘]Jﬁﬂm/lf’)Q‘UuW‘Lli'luﬂlﬂﬂﬁzﬂﬂulV‘lV‘I']ﬂ']ﬁ\u@%Lﬂuﬂ“]f HAaZUNINURAN NITVIYLU

9 dy Av A a SR Y o o Aad a
wnluszuy AIYLTAU QTH'J‘D?J'J‘WEHMWL!‘E%\‘lulﬂiﬂlﬁ‘u@ﬂ”lﬁuTJ‘ﬁQﬂEJﬂLﬁﬂil”l‘lliiL'i/]TfnﬁsU']ﬂ

I

= 1 @ v @
EDETN MV IFeanseuaa i auuuUsaan il Tnaaduieesudasnuuyuynavuiuny

Aawv A a

[] < 1 o’dyd 9 =) A [ % [
?JEJN"l'iﬂ@]”I‘JJ YALAUUDINIUIVYINYTIUNUTUND ﬂﬁﬁi”lx‘ll,ﬁﬂEJiﬂ"I‘IN‘VIﬂJﬂﬁﬂiﬂﬁ’ﬂﬂﬂ’mﬂﬂﬂﬁ

) AY Yo a @ ° a s = Aq ¥ °
ﬁi"lﬂﬁllﬂﬁ‘ﬂllﬂiﬂﬂﬁWQi]uﬁ]"lﬂﬂﬁﬂ"ILL‘]J‘U%"IE‘]’ENVINﬂmﬁﬂWﬁWi mﬁumimhlumimmm

[ 1 [ Y as a d‘ 1 [ 1 d%l T (%
’cﬂll1iﬂﬂi‘ﬂﬂ1’6Gli1"IJEJ1EIUlﬂﬁnJ’Jﬁﬂ1§GU’ENQ‘]JEJﬂLﬁﬂ Tﬂﬁ]ﬂﬂ1ﬂ\‘1ﬂﬁ?’)ﬂ$"uuﬂﬁlﬂﬂigﬂﬂ

U

@

mae IihueaTrnaamas Wihaegs anman lannaurauaaslfifiun ssounnasanlu

awv A a o ' o a 7 U
QWHU%EJ'JV]EJ']‘L!W’H‘I?ﬁlﬁaﬂiﬂ’lWﬁa@ﬂﬂ’luﬂ’]iﬂ’N’]u ﬂ']flﬁl,él}ﬂ']i?mi'WWLﬁaEliﬂ'lWGU@\‘iﬁiyﬂlu'lm

<3 = a d A [ 1A Yo a 9 [ =S g’u
VYUIAaan i’JlJﬂ\iﬂﬁ’Jl,ﬂ‘ﬂgﬁl,ﬁt‘lﬂ‘iﬂWWﬁi‘lluq‘ﬂm"lJHWQGlﬁq‘l“Vlll@ ‘]JﬂTiﬁ)‘ﬁ’]ﬂEJUl’JW’E]ﬁQL"UiJ DNTN
A 9 ° G4 Y < N Y =
NMTYUIURNAAIYNITIIADITDIUNITULACHAINYANATDU l,l,fffﬂﬂslfﬁmu’ﬂﬂﬁﬁﬂ\nﬁﬂﬂ‘iﬂ1w
o v Y as a o w = A a ds!
ll“]J‘]J‘]Ji‘]JG]’J@’JEJ’J‘ﬁQﬂﬂﬂ!aﬂ’tfﬂiﬂiﬂfﬂ%ﬂWﬁﬂi%“ﬂ’u‘ﬂ@ﬁﬂﬁﬂl1ﬂLﬁﬂﬂiﬂ1WﬂLﬂﬂﬂJuﬂ1ﬂIﬁaﬂ

v o w

mas llihasda ldedeiitivdnny

v K

a a 4 & )
1131 enssy i AN FDUNAAYT N rLen Tmuiiny

nsdnm 2560 Mol FPD1IINYT NN r&da’&%i\{




THEPPANOM SOPAPIRM : ADAPTIVE STABILIZATION OF AC-
DC POWER SYSTEMS FEEDING CONSTANT POWER LOADS.
THESIS ADVISOR : ASSOC. PROF. KONGPAN AREERAK, Ph.D.,

171 PP.

CONSTANT POWER LOAD (CPL)/INSTABILITY MITIGATION

LOOP-CANCELLATION TECHNIQUE/ADAPTIVE STABILIZATION

Power converters with their controls normally behave as constant power
loads. These loads can significantly degrade the stability of their feeder system.
Therefore, this research thesis will study an instability mitigation of AC-DC power
system feeder constant power loads. There are two well-known approaches to apply a
compensating signal for eliminating the destabilizing effect. The first is the active
damping method. In this case, a virtual resistance is use to increase the damping of the
filter. However, the power level of the constant power load (Pcp) that can be
mitigated is limited. Therefore, a second approach, namely the loop-cancellation
technique is developed. This technique can mitigate system instability at higher values
of Pcp. than those compensated by active damping. However, this technique has only
been applied to DC-DC converters. The application of the loop-cancellation technique
to uncontrolled rectifier based AC-DC power systems via an auxiliary circuit has not
been reported in previous publications. Hence, in the thesis, instability mitigation for
three-phase uncontrolled rectifier feeding parallel buck converter loads via the loop-
cancellation technique is presented. Moreover, this thesis also presents a novel
adaptive stabilization technique based on an equation that can be derived from the
average system model. The equation is used to determine the adaptive gain required

for loop-cancellation. This gain depends on the power level of the CPL which can be



calculated from voltage and current sensors on the DC bus. As a result of this
methodology, the system can automatically ensure stability under all operating
condition. The stability study presented in this thesis, using small-signal and large-
signal stability analysis, confirms that the mitigation system is always stable. In
addition, simulation and experimental results are also presented to verify the proposed

adaptive stabilization technique which eliminates the destabilizing effect of the CPL.
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eq eq eq
Vv ) —1 4o + 0V 1/3 —2‘/5
busd = ds busq ~ 15 * ldc
Ce 2 7Ceqd
* 1
Vbus,q :_wvbus,d + c Iqs
eq
I' _ §.2\/§.d Vv _(ry+rL+rc) 1 1 v _rcKpi,l 2 rr:va,lei,lI vV
dc 2 ”de bus,d de dc de dc de L de L1V ol
rcKiv,leil, 1% re i1 | rcva,lei,l I V* rcKpi,Z |2
+—L nlvt ERAY! L 11Vo1 L L2
dc dc dc dc
rcva,ZKpi,Z RY; rcKiv,Z pi2 I,.X re ii,2 I rcva,ZKplz I V*
T 02 T L L2Av2 + L L2\i2 L L2Vo2
dc dc dc dc
v 1, pid | 2 KovaKopia wakpia |- i |y
de =5 de T L1 Vol ~ v uli
dc dc dc dc dc
va,lell V* va,lei,lI V* Kpi,2 |2 va,Z pi,2 RY; iv,2 "™ pi,2 1.X
C L1Vol — L1 Ol+ L2 L2V o2 C L2 7N v2
dc dc dc dc dc
Kii,2 pv,2 " pi,2 *
- C IL2 i2 ™ L2V02
dc dc
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- K, K, K Ky, K. K. KooKoig
I == =P Vgol g - — 2PV vy - VLLl + —W'll_ P2 Vo Xon + —Ill’l VaeXia + —pv’lL P VigoVon
1 1 1 1 1 1

-1 1
Vo == ———
ol Cl L1 Rlcl ol

Xu = Vo +Va

Xig = =l = KpyaVor + Ky Xyg + va,lvc:l. (5-1)
. K., Ky 2K i Ky, 2K i K, Koy 2K i .
IL2 == b2 VdcI L2 _Mvdcvoz _h +Mvdcxv2 + 2 VchiZ +MVdCV02
2 LZ L2 2 LZ
* 1 1
V02 - C_I - R.C V02
2 22

*
Kiz = =12 = Kpy Voo + Kiy 2 X2 + Ky 2Voo

a Y = Y ax a A
Wi]'lim'liﬂiﬂﬁﬁ'l\?ﬂ?i‘]JiiWnﬂ'lisU1ﬂlﬁﬂﬂ§ﬂ'l‘1/‘lﬂf]ﬂ’)‘ﬁgﬂﬂﬂmﬂalugﬂ‘ﬂ 5.2

I Y
AWNIDAVIUTUMNT d UFAAIAITUNTN (5-2) AaTl

* 1 d 1
d = V_tr[vcontrol +Keg E(V_d(:}] (5-2)

a 4 o a PRI 9
MINGINHMVVIIARINNABAMTATANDIV 1ATIATNITUITININGTVIA
idesmnae3sglonian awnsoduiiunmsunua ¢ Tuaumsi (5-2) lldsaunish (5-1)
d’a [ [ ] = [} [ d' Yo o d' é
Taghnnsanmsdaglaumsluansuzru@ernunuaumsi 1asuiuaue I3 lunni 4 a9
Y 1 = ~ a N Y [ g’; 9 o a A
1dnantesieaz@eamsngad Hwodunds auiuez Idunuiiassnadiamaasninig

A = Y ax a Y v A
W’i]”l'iilﬂﬂﬁ‘ﬂiiﬁﬂﬂﬁﬂITQLﬁﬂEJiﬂTWﬂ?EJ’J‘EQﬂEJﬂLﬁﬂ !,Lﬁﬂ\illﬂﬂxiﬁuﬂﬁﬂ (5-3)

* 1 1
eq
lgs =—— lgs + @l s _L_Vbusd +L_Vsd
eq eq eq
¢ Re 1 1
lgs = —@l gs = 1 g ——Vpugq +—V
as s « qgs Leq us,q Leq sq
: 1 3 2‘/§Vtr I 18K g Vbusd

Vbus,d = C lgs +a)vbusq - dat

eq 2 ﬂceqvcomrol

2
T CeqdeVcontroI Ve

* 1
Vbusq = _a)vbus,d + C Iqs
€q
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* I3 243 Veontrol (r,u +r +rc) 1 3 2\/5('}4 +n +rc)KFB Vousa  TeKpiz 2
Idcl_ 57 Vbusd_ Idcl_ivdc_ E 2 - IL
”Ld c Vtr I-d c I-d c ﬂLd cvtr Vd c I-d c
r.K,,1Kpi r.Ki, (K r.K. r.K,, 1Kpi . K.
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r.K,, oK r.Ki, oK ;i r.K. r.K,, K, .
_ e pv,2hpi2 |L2V02+ c™Niv,2" pi2 L2Xv2+ c™Nii,2 |L2Xi2+ c ™M pv,27pi,2 |L2V02
dc dc dc dc
° 1 3 243 Kes Kpiz 12 KpvaKopia KivaKpia
Viae == lga +45 busd + 15+ IV ——— uXy
Cdc 2 ”decdc Vdcvtr Cdc Cdc Cdc
Kii Koy 1Kpi « KouKoyi « K Koy 2Kpi
—_ I il_ip\ﬂ i |L1V01—7pv’1 bl Vo + bi.2 |Ez + 2 P2 I Vo2
dc dc dc dc Cdc
Kiy 2K i Kii K v 2Kpi *
- IR Xy = R Xy - =RV
dc dc dc
. K Ko1K i \Y; Ki, 1K i Kii Ko1K i .
|L1:_ Pl VdclLl_ Pt pIJVchol_iDl"' i Vdcxvl+ I Vdcxi1+ prl_pil Vdcvol
Ll 1 Ll Ll Ll I-l
° 1 1
Vy=—Il,——V
ol Cl L1 R1C1 ol
Xy ==V +V0*1
Xig ==l = KpyiVor + Kiy 1 Xyg + va,1V0*1
. Ky, K pvaK i V., KoK Kii KouoKpiz o
l,=——P2y, |, 2Py To2 W2 P2y x oy 2y X RYERZ
L2 I—2 dc'L2 Lz dcVo2 Lz L2 dc/Mv2 Lz dc”Ni2 I—z dcVo2 (5_3)
* 1 1
Vyy=— 1, ———V,
02 C2 L2 chz 02
XVZ :_VOZ +V(:2
Xizg==l, - va,2V02 + Kiv,ZXVZ + va,ZVOZ

1 <3 1 ) 1w
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Ya o R
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ouUAY 1 Fedunsoleunuudiassnadiamaasinldiusadu Tdasaunisi (5-4) a
1 a 4 2 1o A oA

a19 9 luwasng A B C uaz D szuagnuyailjinavvesszuy

L1l Q

5;<=A(x0,u0)5x+ B(X,,u,)ou (5-4)
Oy =C(X,,Ugy )X+ D(X,,u,)oU

5xz[é]dsé]qs évbus,d évbusq é]dc évdc é]Ll évol 5)(\,1 éxil é]LZ 5\/02 éXv2 éXiZ]T
aJ:[éVm éVo*l éVO*Z]T @/:[évdc éVol éVOZP
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9
FIHALDIAVDI AcXo,Uo), BXorUo), CXorUo) LAY Dixo, U L1AAA 1AAA1

R
- e LR 0 0 0 0 0 0 0 0 0 0 0
Leq Leg
Reg 1
-0 —— 0 -—— 0 0 0 0 0 0 0 0 0 0
Leq Leg
Loy e I, aB5)  a@36) 0 0 0 0 0 0 0 0
Ceq 3 Ceq LacVeontrol Vac,o
0 L -o 0 0 0 0 0 0 0 0 0 0 0
Ceq
0 0 a53) 0 - (rﬂ +n+ rc) a(5.6) a(5,7) _ KoviKpitlie  EKivaiKpialue  ©Kiilie a(5,11) _ Ko 2Kpizlioo  TKivoKpizlize  TeKiialiao
de de de de de de de
0 0 a(6 3) 0 1 a(6 6) a(6 7) va,lei,llLl,o _ Kiv,lei,llLl,o _ Kii.llLl,o a(611) va,ZKpi,zle,o _ Kiv,zKpi,ZILZ,o _ Kii,2|L2.0
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1 1 1 1
0 0 0 0 0 0 L I 0 0 0 0 0 0
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0 0 0 0 0 0 -1 —Kpus ~Kiva 0 0 0 0 0
0 0 0 0 0 a(11,6) 0 0 0 0 _ Kpi,ivdc,o _ va,ZKptzvdc,o +1 Kvi,ZKLpi,ZVdc,o Kii,ZLVdc,o
2 2 2 2
0 0 0 0 0 0 0 0 0 0 S - 0 0
CZ RZCZ
0 0 0 0 0 0 0 1 0
|0 0 0 0 0 0 0 0 0 0 -1 Koz ~Kiyz o |,
3(35):_ EﬁL a(3 6)7 18Kgg Vbus,d,o a(5 3): 3.2\/5\/‘30”““"_\/5.2\/5(&’-“’"-H"C)KFB a(5 6):— 1 + E .ﬁ(ru +n + rc)KFBVbusd,o
' 2 ﬂceq Veontrol ' ﬂZCEq LacVeontrol dec,o 2 ﬂde Vtr 2 T Licvtrvdc,o de 2 4 Lﬁcvlrvdzcvo

a(5 7)7 2rKpisloe  TeKpuaKpinVoro . reKivaKpisXvio . reKii1 Xiso N 1K puaK pitVoro a(6 3) 3 23 Keg (66) 3 23 Keg
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Lyc Lgc Lgc Lac Lac V2 o Coc | ViVeco V2 AgCac \VE N ) "%
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a(5,11): 2rt:Kpi,ZILZ,o _ I’cva,ZKpi,ZvoZ,o 4 rcKiv,ZKpi,vaz,o + rcKii,zxiz,o + I’cva,ZKpi,Zvoz,o a(6,7): 2Kpi,1|L1,o + va,lei,lvol,o _ Kiv,lei,lxvl,o _ Kii,1xi1,rs _ va,lei,].V;l,o

de de de de de Cdc Cdc Cdc Cdc Cdc

2Kpi‘ZILZ,o 4 va,ZKpi,ZVoz,o _ Kiv,ZKpi,Zsz,o _ Kii,zxiz,o _ va,ZKpi,ZVo*Z,o

Kpi,lI Ll0 _ va,lei,lvol,o n Kiv,lei,lxvl,o n Kii,lxil,o n va,lei,lvo*l,o

a(611)= a(7,6)=-
Cyc Cac Cyc Cac Cyc L L L L L
a(lLG): Kpizli20 B Kov2KpiaVo20 . Kiv,2Kpi2Xv20 ) Kii 2 Xi20 . va‘2Kpi,2V0*2‘0
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§_cos(/10) 0 0
2 Ly
3 sin(4,) 0 0
2 Ly
0 0 0
I'cva,:lei,llLl,o I'cva,ZKpi,2|L2,o
de de
0 _ va,lei,lILl,o _ va,2Kpi,2|L2,0
Cdc Cdc
B(x,, =
(XO UO) 0 va,lei,lvdc,o 0
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0 0
0 1 0
0 Kova 0
0 0 va,ZKpi,ZVdc,o
L2
8 g 2 0000O0O0O10O0O0OO0OO0OCOTO 000
0 0 K., C(X,,uy)=/0 0 0 0 00 0010O0O0O00O D(X,,U,)=|0 0 O
v,
B P L3 0000O0OO0OOO0OOO11O00O0 00O

3x14 3x3
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. Tsunsumsmususendiamnaniveaiigy — s1ldu dmsvureesFeenseuaaule
uuuasii Tnaamae llfhasiuuneauad Taswemmwmnuy Tanudi
aniaanssu liih umInedoma TuTadgsuis w.e. 2560
S AR R
%%%1lszmadutlsiensimuamizududuiumsdnaaluan e
Vs=50;
=50;
Req=0.1;
Leq=24e-6;
Ceq=2e-9;
Pepl1=30;
w=2*pi*f;
ru=3*w*Leq/pi;
Sd=sqrt(3/2)*2*sqrt(3)/pi;
r=atand(w*Leg/Req);
Z=sqrt(Req"2-+(w*Leq)"2);
Vout_rms=1.6554*sqrt(2)*Vs;
P_Total=Pcpll;
eaVbus=100;
ealampda=100;
es=le-10;
k=0;
%%%q1 T5unsuMIAUHIRI8IBUeIIAY — 51U TU%%%
while eaVbus>=es & ealampda>=es
if k~=0
du= Vs*cosd(r-lampda(k))/Z - 2*Vbus(k)*cosd(r)/Z;
DU=Vbus(k)*Vs*sind(r-lampda(k))/Z;
dv= Vs*sind(r-lampda(k))/Z - 2*Vbus(k)*sind(r)/Z;
DV=-Vbus(k)*Vs*cosd(r-lampda(k))/Z;

U= Vbus(k)*Vs*cosd(r-lampda(k))/Z - Vbus(k)*2*cosd(r)/Z - P_Total/3;
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V= Vbus(k)*Vs*sind(r-lampda(k))/Z - Vbus(k)"2*sind(r)/Z;
Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv);
lampda(k+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv);
eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ;
ealampda=abs((lampda(k+1)-lampda(k))/lampda(k-+1))*100;
V_bus=Vbus(k+1);
L=lampda(k+1);
A1=Vs-Vbus(k+1)*(cosd(lampda(k+1))-i*sind(lampda(k+1)));
B1=Z*(cosd(r)+i*sind(1));
Ide=(pi/(sqrt(6)))*abs(A1/B1)
Vout(k+1)=(3*sqrt(6)*Vbus(k+1)/pi) - 3*Leq*w*Idc/pi - rf*Idc;
V=Vout(k+1)
else
Vbus(k+1)=50;
lampda(k+1)=0.0001;
end
k=k+1;
end
vsvmgamei 1dnnmsimvesguTsunsumsdundeitvesiianu - swlducevss
Lampda=L;

vde=V;
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Port A (PA7...PA0)
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a 9 I'4 4
¥. Tsunsumsaiuguaasglenidn megaveialulasnouInsames AVR
Tagwomnnuy Tanuny @nlaanssy liih unaneaoma TuTaggsuis
N.¢1. 2560
sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk sk sk skeosk sk sk sk sieosk sk sk sk sk skoske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk skosk sk skosteoskeoskosie sk skeoskoskoskeoskoskokokoskosk skokokoskosk sk
Jd o 9 14
%%%13¢ MANINTULINTFIUMT IFUOTA AVR%%%
#include <avr/io.h>
#include <compat/deprecated.h>

#include <LCD_4BIT.h>

%%%1/52 AN TITUAU%%%

[
[ =

int voltage sensor =0; %MUUATUBUNNTUANIULOULADNNNU AD

q [T}

9 [ 1 o

int EN = 11; %imualifiui D11 FMTUaIdYYIU PWM
float Vcontrol =2.9;

float Vtr = 3;

float KFB = 0.01;

int Read Voltage = 0, d=0, d1=0;
%9%1l3zMATefsvesviud MU TI MCP4922%%%
/I1/1/Digital to analog///////

intCS =8§;

int SCK = 52;

int SDI =51;

int LDAC =9;

int SHDN = 10;

void setup()
{
%%% MY UA IHUATUT Y I UL AN %%%
#define FASTADC 1

// defines for setting and clearing register bits

#ifndef cbi
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#define cbi(sfr, bit) ( SFR_BYTE(sfr) &= ~ BV(bit))
#endif
#ifndef sbi

#define sbi(sfr, bit) ( SFR_BYTE(sfr) |= BV(bit))
#endif

%%% MU IMuaM a3 19d a8 PWM%%%
pinMode(EN, OUTPUT);
TCCRI1A = (1<<COMI1A1)|(1<<COMI1A0)
TCCRIA |= (1<<COM1B1)|(1<<COM1BO0);
TCCRI1B = (1<<WGM13)|(0<<WGM12);
TCCRIA |= (0<<WGM11)|(0<<WGM10);
TCCRIB = (0<<CS12)|(0<<CS11)|(1<<CS00);
ICR1 = 800;
OCRIA = 0;
OCRIB =0;
TCNTO0=0;
H
%%%1l5eMelsndums 1Faunesa MCP4922
void Write. MCP4922(unsigned char DAC_Channel,unsigned int DAC_Data)
{
digitalWrite(CS, LOW);
switch (DAC_Channel)
Channel(0=A,1=B)
{
case 0x00: DAC_Data |= 0x3000;
break;
case 0x01: DAC_Data |= 0xB000;

break;




159

shiftOut(SDI, SCK, MSBFIRST,(DAC_Data >> 8)& 0xFF);
shiftOut(SDI, SCK, MSBFIRST,DAC Data & 0xFF);
digitalWrite(CS, HIGH);

digitalWrite(LDAC, LOW);

digital Write(LDAC, HIGH);

}
void loop()
{ %%35MIMUINVBINTLVIUNIVOIITYUaNEn%%

Read Voltage = analogRead(voltage sensor)*2.5;
Vcontrol =Vcontrol-(KFB* (1/Read Voltage));
d=Vcontrol/Vtr;

Write MCP4922(1,d);
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System Parameters Using an Adaptive Tabu Search Technique. International Review
of Electrical Engineering (L.R.E.E). 7(4): 4655-4662.
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Y
v A

ATIN 37, VOULNY, 19-21 WOAVNIBU 2557, Vol. 2
2 @ A v d A v d A
INAWNUY T’L’fﬂ'll‘Wll, NONNWU DI1TTINH, NOINA BI1TTINY. nmJﬁvmmwmmﬁmmwﬁam%ms

Youndvuvwulaihud ududmSuszuvInihmavediuaadnilvaamasluiag

9 H
v A
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The Active Damping Stabilization of AC-DC Power Systems
Feeding Constant Power Loads

T. Sopapirm', K-N. Areerak’, K-L. Areerak’

Abstract — Power converters with their controls normally behave as constant power loads. These
loads have small-signal negative impedance to the system. The negative impedance of CPLs can
degrade the system stability. Therefore, this paper presents the mitigation technique to eliminate
the destabilizing effect of CPLs for AC-DC power systems. The proposed mitigation technique is
based on the active method which is normally used in DC-DC converters. As for the AC-DC power
system, the switching device is added into the filter circuit that acts as an additional DC-DC
conversion stage to control the output DC voltage. The virtual resistance can then be used to
increase the filter damping via adjusting the duty cycle of added switching device. As a result, the
AC-DC feeder system can return to stable operation when the proposed stabilization is activated.
The stability analysis, simulation and experimental results are used to verify the effectiveness of

the proposed active damping stabilization.

Keywords: Constant power load (CPL), AC-DC converters, active damping technique, negative

impedance instability.

Nomenclature

Via Vi Vi = phase source voltage

R., = transmission line resistance

L.y = transmission line inductance

C., = transmission line capacitance

o = source frequency

¢ = phase angle of AC bus voltage

#1 = phase angle of DQ frame

4 = phase shift between source bus and AC bus
Viusa Viusp Viusc = input terminal voltage of diode
rectifier

Lia Ly I = input terminal current of diode rectifier

Ec; = output voltage of diode rectifier without an overlap

angle effect

E,. = output terminal voltage of diode rectifier

1, = overlap angle resistance

I = output terminal current of diode rectifier

r; = DC-link inductor resistance

L= DC-link inductance

r.= DC-link capacitor resistance

Cyc = DC-link capacitance

V. = voltage crossing DC-link capacitor

S; = switching device of active damping method
D, = free-wheeling diode of active damping method
V, = voltage crossing free-wheeling diode D,

174 = virtual resistance of active damping method
d,; = duty cycle for S;

Veontror = amplitude of reference signal

Vi = amplitude of a triangular signal

R, = resistive load of buck converter x

V,x = output terminal voltage of buck converter x

Manuscript received January 2007, revised January 2007

V(;,= voltage command of buck converter x

R, = resistive load connected from a DC bus

Say = switching device of buck converter x

D,, = freewheeling diode of buck converter

Vinx = voltage crossing freewheeling diode D,

L, = filter inductor of buck converter x

C, = filter capacitor of buck converter x

d, = duty cycle from controllers for buck converter x

K, = proportional gain of voltage loop for buck
converter x

K;,, = integral gain of voltage for buck converter x
K,,; = proportional gain of current loop for buck
converter x

Kj;, = integral gain of current loop for buck converter x

X,.» = state-variable of voltage loop control for buck
converter x
X, ;= state-variable of current loop control for buck
converter x

I Introduction

Recently, power converters are widely used in many
applications. Unfortunately, power converters when they
are tightly controlled behave as constant power loads
(CPLs) [1]-[3]. These loads can degrade the stability of
their feeder systems [4]-[6]. Therefore, the stability study
is very important for the system feeding the CPLs. As
can be seen from the previous publications [6]-[11], the
mathematical models were used to predict an unstable
point via a basic control theory. The averaging
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techniques such as generalized state-space averaging
(GSSA) method [12]-[14] and DQ method [15]-[17] can
be used to derive the suitable dynamic model for stability
analysis. However, the predicted results can provide only
when system becomes unstable. In order to avoid the
unstable operation, the mitigation techniques are
required. There are two types of mitigation techniques.
The first is the passive method [18] in which the higher
values of resistance and capacitance or the lower
inductance of DC-link filter are required. However, the
passive techniques may increase the power losses and the
large capacitor causes higher weight and cost. As a
result, the second mitigation method called the active
technique is widely used. The well-known active
technique is the active damping method [19] which is
simple and easy to implement. A virtual resistance is
used to increase the damping of the filter circuit via
adjusting the duty cycle of power converter.
Unfortunately, this active stabilization technique has only
been applied to DC-DC converters [19]-[27]. The
application of active damping to AC-DC power system
has not been reported in previous publications. Hence,
the active damping stabilization for AC-DC power
systems is presented. The proposed AC-DC power
system employs an uncontrolled rectifier in which the
DC output voltage cannot be adjusted. As a result, based
on the concept of active damping, the switching device is
added in to the DC-link that acts as an additional DC-DC
conversion stage to control the output DC voltage. The
virtual resistance can then be used to increase the filter
damping via adjusting the duty cycle of added switching
device. The stability study presented in the paper, using
the eigenvalue theorem via the linearized model and
phase-plane plot, confirms that the mitigated system is
stable. Moreover, simulation and experimental results are
also presented to verify that the proposed active damping

T 1
Source Bus R 5 AC Bus :

stabilization can eliminate the destabilizing effect of
CPLs.

The paper is structured as follows; in section 2, the
destabilizing effects of CPL on AC-DC power system is
introduced. In section 3, the active damping stabilization
for AC-DC power systems feeding CPLs is described.
The explanation how to apply the active damping
technique to AC-DC power systems, the derivation of
mathematical model suitable for stability study, the
system stability analysis via the eigenvalue theorem,
phase-plane plot, and the simulation results are also
addressed in Section 3. Furthermore, in Section 4, the
experimental results are presented to verify that the
proposed active damping stabilization can eliminate the
destabilizing effect of CPLs. Finally, Section 5 concludes
the benefits of the active damping technique for the AC-
DC power system.

II.  The Destabilizing Effect of Constant
Power Load on an AC-DC Power
System

The considered power system is depicted in Fig.1. It
consists of balanced three-phase voltage, transmission
line represented by R, L., and C,, three-phase diode
rectifier, DC-link filters represented by r;, Ly, rc, and
Cye, paralleled controlled buck converters, and resistive
load Ry.. The cascade PI controllers were used to regulate
the output DC voltage of buck converters in which the
controllers for each of paralleled buck converters are
identical. The details how to design the cascade PI
controllers for buck converters can be found in [28]. The
parameters of the system in Fig.1 are identified via the
artificial intelligent technique [29] as given in Table L.

DC bus

30 Vyns/phase
f=50Hz

c
eq
]__ 6-pulse Diode Rectifier

Fig.1 The considered power system

Copyright © 2007 Praise Worthy Prize S.r.1. - All rights reserved

International Review of Electrical Engineering, Vol. xx,
nx




164

International Review of Electrical Engineering (LR.E.E.), Vol. 12, n. 4

TABLE [
THE PARAMETERS OF THE SYSTEM IN FIG.1

Parameter Value

Vs 50 Vimgiphase
@ 2mx50 rad/sec.
Ry 0.1256
Li; 0.21 mH
Gy 2nF

I 057Q

I, 2,969 Q
Li (A< 15A) 37.7mH
Cac (A Ve < 50 V) 237.35 pF
Ri 500 Q
L=L, (AL<054) 15 mH
=6 (A V,< 50mV) 125 pF
RFR, 20Q
Ky 1=Kz 0.05

K 1=Kz 20
Kyi1=Kpi2 0.6819

Ky 1=K 1948

The paralleled buck converters behave as constant
power loads (CPLs) that can degrade their feeder system
via the DC-link filter [9]-[11]. Hence, the stability
analysis is very important. From the previous
publications, the DQ method [15]-[17] and the GSSA
method [12]-[14] were applied to derive the system
model suitable for stability study. The GSSA method was
used to analyze the buck converter, while the DQ method
was used to eliminate the switching action of
uncontrolled AC-DC rectifier. As a result, the time-
invariant model can be obtained. The eigenvalue theorem
can then be applied to the linearized model for predicting
the unstable point. Based on the procedure in [10], the
system in Fig.1 with the parameters in Table I will be
unstable when the total CPL (Pcpy+Pcprz) are equal to
350W (Pcpyy = 250W and Pepp, = 100W) as shown in
Fig.2.

To confirm the instability due to CPLs, the time-
domain simulation using the exact topology model in
MATLAB were used. The simulation results can then be
given in Fig.3 in which a good agreement between the
analysis and simulation is achieved. According to the
results in Fig.2 and Fig.3, the paralleled buck converters
behaving as CPLs can make the system become unstable
at the total CPL equal to 350W. Therefore, the aim of
this paper is to mitigate the instability by using the active
damping method. After applying the proposed technique,
the system is expected to be stable at the power level

Manuscript received January 2007, revised January 2007

350W. The details of the active damping will be
illustrated in Section 3.

Fixed Value : Pepy;= 250 W

Pepri=250W
wo—Pcpr=0- 140 W ‘Pcpl_g= 100W
X X X X X X
‘ \ I\
TN Y
3 \ \ \ X
2 ol PpL =290 W 310 W 330 W 350 W 370 W 390 W
A / AT r 17
o / /1]
X X X X X ‘ X
e
00— Prpr,=0- 140 W
[ 1| | |
10 8 6 4 2 0 2 4 6 8 0
Real Roots(1/s)
Fig.2 The stability results from the Eigenvalue theorem
100 , T : . T
| 7071V (250 W)
= 1
?'z 50 4
> i
i
A ! } !
04 05 06 07 08 09 1 11 12 13 14 15
60 3 B :
4472 V (100 W)
s Orav i
- (zov\)l
o L ! !
04 05 06 07 08 09 1 11 12 13 14 15
140 ; :
4 [
s i
=3 120 |
>
! |
M7 05 06 07 08 09 1 11 12 13 14 15

time(sec.)

Fig.3 Time domain simulation results to validate the analytical result
in Fig.2

III. Active Damping Stabilization of an
AC-DC Power system Feeding
Constant Power loads

In this section, the active damping technique will be
applied to the AC-DC power system in Fig.1 to mitigate
the effect of CPLs. The active damping method is simple
and easy to implement. A virtual resistance is used to
increase the damping of the DC-link filter circuit [19].
However, this technique has only been applied to DC-DC
converters as illustrated in [19]. The control of output
DC voltage can be allowed for DC-DC converters.
Hence, the active damping technique can be conveniently
applied to DC-DC converters by adjusting the duty cycle.
In contrast, the uncontrolled rectifier is used for the AC-
DC power system in this study in which the output DC
voltage cannot be adjusted. Therefore, this study presents
the controlled switch S; into the DC-link circuit. Based
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on the active damping concept, the output DC voltage
can be controlled via switch S; by adjusting the duty
cycle d,. The AC-DC power system with the active
damping stabilization is depicted in Fig.4. It can be seen
in Fig.4 that the ry, is the virtual resistance used to
increase the damping of the filter. This virtual resistance,
depending on the power level of CPLs, can be
determined from the mathematical model with the
eigenvalue theorem. The model describing the behavior
of the system in Fig4 can be derived from the
combination between the DQ method and the GSSA
method. The feeder system with an uncontrolled rectifier
can be analyzed using the DQ method, while switch S;
and paralleled buck converters can be analyzed using the
GSSA method. After applying the DQ method, the
uncontrolled rectifier can be treated as a transformer in

—_——
Source Bus AC Bus
: Req Lij | %k

the dq-frame [10]. As a result, the equivalent circuit of
the system in Fig.4, represented in the dq-frame, is
depicted in Fig.5. The GSSA method is then used to
eliminate the switching action of S; and switching
devices of buck converters. Applying Kirchhoff's voltage
law (KVL) and Kirchhoff’s current law (KCL) to the
circuit of Fig.5, with d,, given by (1), the nonlinear time-
invariant model of the proposed AC-DC power system
with the active damping stabilization under a continuous
conduction mode is defined in (2a)-(2b).

dad = [ anlml V_ rlA I(IC J (1)

r

DC bus

DC/DC *
Buck converter i RS 17 I]‘
(CPL1)

50 Vs /phase (;,7
f=50Hz I&pulsc Diode Rectifier

*
Controllers |+

DC/DC

Buck converter || R, S 17 ,:I—
(CPL2) o

Voo—s| controlters |+——

Ri

Fig.4 The AC-DC power system with the active damping stabilization

L.q Ly,

eq eqlqs

Vour 455

@Lyqlis

Vous.g=

Fig.5 The equivalent circuit of the AC-DC power system with the active damping stabilization in the dq-frame
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R, 1 1
Ids=_Tlds+(01qs_L_%usd+z_Kd
eq eg
» R 1 1
1q5=_(UIds__Pqus_L_‘/busq+L_‘/sq
eq eq eq
= 1
Viusa =C_ ds'*'{‘)vbu.iq+
eq
BB Vel
2 ”Ceq (anlml" rLA[dc)
* 1
Vbusq =0 '/bu.sq+c_1ds
eq
I, = \/g 243 [('/”L"'”’JVb,,sd—[ﬂ]VbusdIdr]“L
2 ”de Vtr Vlr
_(’}4+rL+"r)1 _Ree—r),  1Kpir
dc dc L
Lye LycRqc Lie
_ rthV.lei.l ILanl G rrKiv.lell. ILlel +
Ldr Ld(‘
K, K, iK.; . LK,
ol Iy Xy + 2P v - < £z I +
Ld( Ldr de
K,,,K,; K, K
_rc pzZ pi2 1L2V02+'r 2"\ pi2 1L2X|r2+
dc dc
K, r.K,,K, M
* ’rLu.z IpXp+= [)ZZ 22 I12Vio
de de
; 1 1 Kpir 2
Vie=—ILj+——V, + L= I +
‘ Cdt ‘ C{I(‘Rdl‘ ‘ C(Ir (za)
K,.K, Koy
+ PP LV - "é P I Xy +
de de
K; K, K, %
Y A PR A
Cdc Cd(
K,.,K, w Ky
_ pvlTtpil ILIV0|+ pi2 1§z+
Cdc Cdr
K, .K, K.»K,;
i pv.2*t pi2 ILZVoZ_ lv.é pi2 ILZXVZ+
dc dc
K, K, ;K ”
-l ILZXI'Z_—pLZ e TppVor +
Cdc Cd(‘
K Al K .lK i1
Iy = —%Vdclu _%Vdcvol 55
K, .K,; K;
_ﬁ+ vl pil Vchvl 4 i1 Vchﬂ e
5T & L
K .IK Al x
+%Vd¢-vm
2 1 1
ALY
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pul
+va.lv;l
* K, v2f pi2
Iy =22Vl -2V Vi +
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Zz WVZL £i Vchv2+ VerIZ +
2 2
K2 Kpia .
+uvdcvaz (Zb)
L,
o 1 1
Y g T v,
2=, ‘"o Yo

Xp=-Tp—KpppVop + Kz Xyp + va.zvr;z

It can be seen from (2a)-(2b) that the virtual resistance
74 is presented in the system model. The effect of r;,
can be shown via a plot of the dominant eigenvalues.
These eigenvalues were calculated from the linearization
of (2a)-(2b). The system parameters for this plot are
given in Table I with V0 = 3V, V. = 3V, PCPL, Total =
350W (PCPL,] = ZSOW, P(;pLz = IOOW) The dominant
eigenvalue plot when the r;, is varied from 0 to 0.04Q is
shown in Fig.6. Referring to Fig.6, if r;4 = 0Q2 (without
active damping), the system is unstable. However, when
the active damping is activated with ;4 = 0.01€Q, the
system becomes stable. The plot of Fig.6 can be used to
determine the value of r;, that is sufficient to mitigate the
destabilizing effect due to the CPL. Large-signal stability
analysis of the mitigated system via the phase-plane plot
is also shown in Fig. 7. Initially, Pcp, is set at 200W.
Consequently, Pcp; is increased to 350W. If r;y = 0
(without mitigation), the unstable operation occurs as
shown in the blue line of Fig.7. In contrast, if the active
damping is applied with 17, = 0.01Q, the system can
become stable as shown by the green line in Fig.7. It can
be seen from Fig.6 and Fig.7 that a good agreement
between the eigenvalue plot and the phase-plane plot is
achieved. Both studies confirm that the mitigated system
with r;4,=10.01Q is stable. However, if Pcp; is increased,
r74 should be increased to ensure that the system can
remain stable operation. The r7,= 0.01Q is not sufficient
for the power level higher 350W. For example, if Pcp; =
400W (PCPL.I = 250‘}\/Y Pchyz = 150W), Iy should be
equal to 0.06Q for stable condition. It is confirmed via
the eigenvalue plot in Fig.8 and the phase-plane plot in
Fig.9. It can be seen in Fig. 9 that r;4, = 0.01 Q is not
sufficient to mitigate the system with Prp, = 400 W. For
this case, 77,4 has to be increased equal to 0.06 Q. After
that the system can maintain the stable operation.
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Fixed Value: Pepy, ry=350 W
400

~
£
1
=)
|
=4
o
Lo}

X X X X
X

\

v X

ol 1a=004 ry=003 r,=002 ry=001 0.00

Imaginary Roots(rad/s)

g
X
x

N

v
x x

6 5 -4 3 2 Kl 0 1
Real Roots(1/s)

Fig.6 The dominant eigenvalue plot for Peps 7o = 350W by varying
174 from 0 to 0.04Q2

| @ Initial point
W Equilibrium point

* N

\\\ — /
s =0 = Mitigation activated V
]

l A B W
1

)

Vdc(V)

2 3
L

o

6

~

Fig.7 The phase-plane plot of the AC-DC power system with
ria= 0.01 € for Pep, = 350W

Fixed Value: Pgpy 1, =400 W
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Real Roots(1/s)
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Fig.8 The dominant eigenvalue plot for Pepy 7o = 400W by varying
14 from 0.04 to 0.08Q2
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Fig.9 The phase-plane plot of the AC-DC power system with
174 =0.06 Q for Pep = 400W

Time domain simulation results when the Pcp; 7, is
varied from 270W to 350W are depicted in Fig.10. It can
be seen from Fig.10 that the system is initially stable
between 0.4s and 0.5s with Pepr o = 270W
(250W+20W) and r;, = 0Q. At t = 0.5s, the Pcpy, is
increased to 100W so as to achieve Pcpy 7o = 350W. As
a result, the system becomes unstable. Once the active
damping is activated with rz4 = 0.01Q at ¢ = 0.7s, the
system becomes stable. Similarly, the simulation results
for Pepy gy varied from 270 to 400W are shown in
Fig.11. It confirms that the r;4, = 0.06Q2 is sufficient to
make the system return to the stable operation at CPL
equal to 400W. According to Fig.6 — Fig.11, a good
agreement between the analytical results and simulation
results is achieved.

g

)
8

250 W (70.71 V)

Vor

04 05 0.6 07 08 0.9 1 11 1.2 13 14 15

o T T i
50 ! 100 W (44.72 V)
s do——~F—
e
> 3
“T2oweov) |
04 05 06 O07 08 09 1 11 12 13 14 15
0 I T
= =00 4 =001 0
120 4
S
S8 110
Stable with

100 stable }— Unigble E Active Damping

0.4 0.5 0.6 0.7 08 0.9 1 11 1.2 13 14 15
time(sec.)

Fig.10 Time domain simulation results with the active damping
stabilization for r4 = 0.01Q
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Fig.11 Time domain simulation results with the active damping
stabilization for ry4 = 0.06Q

IV. Experimental Results

It has been described in the previous section that the
proposed AC-DC power system in Fig. 1 becomes
unstable when the Prp;, 75, = 350W. The proposed active
damping stabilization has been analytically proven to
mitigate the destabilizing effect via the eigenvalue
theorem and the phase-plane plot as shown in Fig.6 -
Fig.9 as well as the time domain simulations as depicted
in Fig.10 and Fig.11. In this section, the experimental
validation is presented in order to support the active
damping concept for AC-DC power systems. The
experimental rig is shown in Fig.12. The proposed active
damping stabilization was implemented using an
Atmagal280 microcontroller. This is highlighted by the
number 3 in Fig.12.

4. DC - Link Filter
5. DC-DC Buck converter_1

1. Three Phase Source
2. 6-pulse Diode Rectifier
3. Active Damping

The testing results for r;4, = 0.01Q are depicted in
Fig.13. It can be seen that the total CPL was initially set
to 270W (P(;pu = ZSOW, PCPI,Z = ZOW) At t= 0.58, an
additional load of 80W is added in the 2™ buck
converter, as a result the total CPL becomes 350W. It can
be seen from the experimental results that the system
becomes unstable. At ¢ = 0.7s the proposed active
damping stabilization with r;4 = 0.01Q2 is activated and
the system can become stable. Similarly, the
experimental results for r;, = 0.06<2 are shown in Fig.14.
It can be seen that the system can be operated over
350W; here is 400W, if the r;, of active damping is
increased.

- [ ]
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Fig.13 Experimental results for r;4 = 0.01Q

7. DC-DC Buck converter_2
8. Resistance 300 W for Buck converter 2

9. Resistance for 6-pulse Diode Rectifier

Fig.12 The testing rig based on the system in Fig.4
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Fig.14 Experimental results for 174 = 0.06

Overall it can be concluded that there is a good match
between the theoretical, simulation and experimental
results during the same testing condition. The capability
of the system to return to the stable operation by using
the proposed active damping stabilization is clearly
shown. However, if the power level of CPL is changed,
the appropriate r;, value can be determined by using the
reported dynamic model. Moreover, the higher virtual
resistance ry,4 can make the system stable at higher power
level of CPL.

V. Conclusions

In this paper, the active damping stabilization has been
introduced. The proposed mitigation technique has been
used to eliminate the destabilizing effect of CPLs. As a
result, the AC-DC feeder system can return to stable
operation when the proposed mitigation is activated. The
theoretical results from the eigenvalue theorem and the
phase-plane plot, simulations, and experimental results
confirm that the AC-DC power system with the proposed
active damping stabilization can return to the stable
operation. A good agreement between theoretical,
simulation, and experiment was achieved. However, the
power level of CPL that can be mitigated is limited. This
is because the higher r;, results in the higher voltage
drop. If the limited power level of CPL is beyond the
rated power, the proposed technique is a suitable way to
eliminate the destabilizing effect. The proposed
technique is very simple and easy to implement. Overall,
it has been shown that the proposed mitigation is very
powerful and flexible method which can be used to
mitigate AC-DC feeder system instability due to CPLs.
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