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» Unfolding Circuit PEEC. ...

= Basic Concept of the Unfolding Circuit

« General DC-AC conversion

> Generally, both DC-DC
converters and DC-AC
inverters use PWM control

for high-speed switching.

||

<General DC-AC conversion> + DC-AC conversion using an
unfolding circuit

» The DC-DC converter
performs high-speed

switching using PWM control,
while the unfolding circuit
outputs AC through low-

frequency switching without
PWM control.

u

<DC-AC conversion using an unfolding circuit>
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» Unfolding Circuit PEEC.......

Three Phase Unfolding Circuit

SH, SH, SH,

v, 200
Sector 100
- Jt t t 1(2(|3|4|5]|6 o
a
V, SH_a 1 0 0 0 0 1
p— l_T A - -100
€ € A SHb|O]| O 1 1 0 0
v -200
PR I B SHc | O 1 0 0 1 0
v T y b, A
M Smy | S sMalo|1|1|0o|o0]|o0
V,
PR I 4
T ) ) . SMb|(O]| O 0 0 1 1 200
SM_c | 1 0 0 1 0 0
SM, = = (. 100
c J.._ J.._ J._} sLalo|o|o|1[1]o0
e sL,b|1|1]oflo]o]o e
Vi SL_c 0o|oO0 1 0 0 1 -100
SLy SL, SLc |
-200 1 1 1 1 1 |
<Three Phase Unfolding Circuit> 6m 8m 1om 12m 14m 16m 18m  20m
Time (s)
. . . 1 1 1 1 1 1 1
e 3 SWltCheS per phase (ngh / Mld / LOW) X Set‘:ltor X Se;tor X Se;tor X Seztor | Set;tor | Se(t:itor |
. 1 1 1 1 1 1 1
* Oneline cycle = 6 sectors x 60°
KOREA NATIONAL 5/27

UNIVERSITY OF TRANSPORTATION

Three Phase Unfolding Inverter
Operation Analysis

6 /27



* Three Phase Unfolding Inverter Operation Analysis PEEC....o

*  Previous Research[1]
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Fig. 4. Control block diagram of the three-phase battery inverter.

__ Vac—2y + Vp+2v; lﬂ _ Vac—2yg + 2vptv; Lﬂ
= s = -
Vh=V1 Vh=V1 ldc
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Vh—V Vh=V1 ldc

T, Bys Iw
u, by, b

« Previous Research[1] esigned the controller using
only static duty-ratio relations derived from KCL and
JE‘} Jﬁ} Jﬁ} v KVL, without a small-signal transfer function model.
Fig. 1. Circuit diagram of the boost-integrated unfolding inverter. * This makes control-performance oPtimization and
stability verification difficult, and limits controller
redesign under parameter variations.
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* Previous Research [2] — Migmm : T
Utah State University

DigitalCommons@USU

All Graduate Theses and Dissertations Graduate Studies .
3-Phase [ 'b

Unfolder
ic

12-2017

Bidirectional Three-Phase AC-DC Power Conversion Using DC-DC
Converters and a Three-Phase Unfolder

Weilun Warren Chen

| |
4 4
Utah State University | MCT Modulator
T

g

Fig. 3.11: MCT-modulated DBSRC modules with unfolder.

« Previous Research [2] generates the input voltages of the three-phase unfolding inverter using

two resonant converters.
+ Owing to its dual-converter structure, it suffers from lower power density and higher switching

losses than a single-converter approach.
» This approach also lacks a small-signal transfer function model, making controller design

difficult,
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» Three Phase Unfolding Inverter Operation Analysis
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= Proposed Analysis of Three Phase Unfolding Inverter using Delta to Wye

idc ly idc iH
— S1 > — S1 —
~ TFT K31 R
L - _ + - =8 AL
L
— s [} [t o BN
a + [ Y T SZJt} c1
s2fnf 1 ||l »
© B B —
+ ::_ e + -
S3Jt} c2T C;_EEFEL H c2
- - . ! H H S3Jt}
4 iy J J Jn't <4 i
C— 'I:I' v — C— 'I:I' ?b
-+ = -+ -1 + -
L2 L2 c3

< Three Phase Unfolding Inverter Circuit>

<Simplified equivalent circuit>

» The circuit with the T-type inverter involves many steps and is complex to analyze.
* Hence, the T-type is removed and the capacitor bank is reconfigured from delta to wye to derive

the transfer function, yielding a simplified equivalent circuit.
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= Mode Analysis

Mode1 Mode2 Mode3 Mode4
i s1 i i s1 i i 51 i ; -
—lip —lp —te ETI. L =i —ldep ETI. N ige L iy
+ - +  Vy + - + Vy + - +  Vu + - = + V
L1 L1 L1 1 A
52 c1 2 c1 s2 ¢ 52 ¢
iy % iy i
O = O = O O —
+ _VM + Vu * o Vm T + I—VM
s3 c2 s3] c2 s3] c2 53 c2
i i i i
—— > <t L > < L > i
_rv'v'w: Ti‘I‘ @ o o L~ T:I‘ @
- -+ -+ + -
L2 s4 - L2 s4 - L2 s4 z nt 54 M
Cc3 c3 c3 C3
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= Mode1 Model Equations

L]
c S| den i
_> _____
Y'Y Y\ ! AN
+ - T + Vg
L1 {|
'_
szjn-} 1
H .
|_N;d_e_B_: tu
o L —
+ Uy -
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S3 Cc2
[ ]
_____ lL
¢ | NodeC : >
~M— Tl T AN
~ 14T T A
L2 S4 i |
c3

L]
<Simplified equivalent circuit>

Node A (KCL)

> g1 =—ly
>o1¥a- g, =M
dt R

Node B (KCL)

» ey = lsa3 — iy = lge — iy

dVea, . .. Vm
> C2 2 = lac —im = lac — &
Node C (KCL)
P ez =gy — i = —lge— g,
dVes . . . Vi
» C3 2 = lac i = —lae — 5

KVL including the voltage source

Conducting switches: S2, S4 > 2_VLdC =Vin —Vu +V,
> dlde — Vin—=VmtVyL
dt 2L
s Y Mo 1 /27
» Three Phase Unfolding Inverter Operation Analysis PEEC....o
= Mode2 Model Equations
_ SR * Node A (KCL)
e Lo 1 Nodea ! U > gy =gy — iy = ige — iy
T SAM aVeq . . . VH
. - T t Ve - > Cl— = =lgc — iy = lgc =
2 Cc1
. * Node B (KCL)
_____ 13
() | NodeB | _7 » gy = lgz3 — iy = —ligc — iy
- A Ve _ . . _ . Vy
T + Il/nld - > (2—= = —lgc — Iy = —lgc — 7
- c2
53 Jok _ - Node C (KCL)
— | Node T} — > lea =0y ,
LYY Y NN C3 . L
- - > C3 =—i; =——
Lz+ S4 T * II/IL dt L R
Cc3

L]
<Simplified equivalent circuit>

Conducting switches: S1, S3

KVL including the voltage source

> ZVLdC=ViTl_VH+VM
> dirg, — Vin—VH+tVm
dt 2L
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* Three Phase Unfolding Inverter Operation Analysis PEEC....o

* Mode3 Model Equations
* Node A (KCL)

e ST i Nodea! " > ipy = —iy
A e B M av . 14
v - T vV - > C1—F=—iy=—--"2
11 I at R
= c1
52 n—}
J'- , * Node B (KCL)
r=---5 v . .
() !_r\iofe_B_: — > lcg = —ly
z AN dve, . Vm
+ Uy - > = —iy =—-—
T IIIW ¢z dt tm R
'_
s3 n-} c2
I _ * Node C (KCL)
— 1 NodeC : . > > ic3 = _iL
~ L T T T AN av . v
-+ + v, - > (3—E =—j, =%
L dt L R
L2 S4 {|
c3

I . - * KVLincluding the voltage source
<Simplified equivalent circuit>

Conducting switches: S2, S3 > ZVde =Vi
> dlde _ Vin
dat 2L
e o A 13 /27
* Three Phase Unfolding Inverter Operation Analysis PFEC, . .
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= Mode4 Model Equations
* Node A (KCL)

51

lac ’ i iy , ; . . .
—— ﬁ I._’\iofe_A_l T > lCl = lSl - lH = ldC - lH
. - o T v v, - > c1¥er =, =i,
1 | ac % © R
52 c1
_ * Node B (KCL)
[===== Iy . .
() !_’\iofe_B_: — > lco = —ly
M AN aVes , Vm
+ Uy - > C2 =——iy=—-—
T I’r dt M R
$3 c2
_ * Node C (KCL)
_____ i ) . . . .
— 1 NodeC | —_— » ez =lgq — iy = —lgc— 1
A e v > 38— gy gy = i —
-+ ==5 + v - at - lde — W= Tlac T
L2 S4 1}
c3

+ KVL including the voltage source
> ZVLdC = Vin_VH+VL
> dirg, — Vin-VutVy
dt 2L

<Simplified equivalent circuit>

Conducting switches: S1, S4
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» Three Phase Unfolding Inverter Operation Analysis
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= State Equations by Step
dvey 1 1]
[ dt C:R 0 0 c1
dvg, o 1 o 1|vey [©
— -= 0
dt _ CR Cy || Vez +lo
—— [dv¢s = 1 Ves 1 Vin
dt 0 0 _C3_R 0 l‘de Z
iy 1 1
Ean | v w00
— 2L 2L E
< Stepl > < Agtepz > < Bstepz >
dvey _L i
[ dt CR 0 0 c1
dve, 0 1 0 Vel 0
@) dt C,R Vea 0
SX dves = 0 o 1 1 ch + (1) Vin
. dqlt CR T Cy|tacl |3
Sl Lo Loy
I:i dt 2L 2L l
< Step3 > < Agteps > < Bstepz > < Step4 > < Agteps > < Bsteps >
KOREA NATIONAL 15 /27
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» State-Space Averaging of the A Matrix by Mode

4 steps —> grouped into 2

— | . — operating modes
* Mode classification by capacitor
-1 9 . — voltages
. / / « Both modes yield the same
averaged A matrix
] [ [
(D1-D4)/2 - D1 (D1—-D4)/2
¢ AAVg
1 0 0 D1
CiR G
: . 1 D4 —D1
? C,R 2
: . . 1 D4
C3R Cs
D1 D1 - D4 D4
D1 1-D4 (D4 —-D1)/2 - —— — 0
2L 2L 2L
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* Three Phase Unfolding Inverter Operation Analysis PEEC....o

= Voltage Conversion Ratio + One-cycle averaging - steady-state operating point
fae i > 0=—-224p1x],
—— & = B
— =5 A > 0=—?+(D4—D1)*Idc
L1 I—H— Vi
2 i} . > 0= —L—Ddxly
g i > 0=V, —D1%Vy— (D1 —D4)Vy + D4V, - (a)
@) o .
l_”_ * Organizeinto V/y,Vy,, 1,
s3 Jak c2 > Vy=R*D1lxly (1)
— =, > Vi =R*(D4—D1) * Iy (2)
_L2+ +C3- i
<Simplified equivalent circuit> * Substitute (1), (2)"/?’"’ (3)into (a)
. e _ _ve DL, > lac = R+(D12+(D1-D4)2+D4%) *)
at | CR T c, e
. ez _ v n D4—D1i + Substitute (4) into (1), (2), and (3) respectively
dt R c2 4 > Ve __  p1
, dves vy  D4. Vin  D124(D1-D4)2+D4?
a CaR €3 e > Z_M = D12 (;14_;1)2 D42
i in + - +
dt 2L 2L 2L 2L Vin D12+(D1—D4)2+D42
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= Open-Loop Simulation Result/ THD =2 %

fac §S11 —-n n
—f o IVH 1 —
~ TFL__ -
- i
L1 in
+ ||| =I5t 5
a c1 N
52 Jn—} - T
g A\ Ry E—
@) T
T vy 1|
t} LM | J—| I_T
S3 ha + c3
- b i 1
- i e 0.75
i H 0.5 eI et (e RN O ] e
< Vi — 0.25
I °
-L2+ o ) 0.2  0.204 0.208 ©0.212 0.216 ©.22
< Three Phase Unfolding Inverter Circuit> Time (s)
e Yu __ D1
Vin  D12+(D1-D4)2+D4?2 C, 1uF
* Open-loop duty D computed from the voltage . VM D4-D1 c uF
conversion ratio (Slide 15) 19-,1 D12+(D1—D312+D4—2 2 IS
* Output voltage THD = 2 % e e —_—— — G 1uF
Vin D12+(D1-D4)2+D4

fow  60kHz
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» Small-Signal Modeling of the Three-Phase Unfolding Inverter

Ldc S1 [_ Node A : tH
o g el N >
+ - T + Vyo-
L1 {|
szjn'_-} €1
'_
| Nodes 1 ___™
O =
+ Vy -
|1
1
53JF} c2
'_
————— i
< |r Node C : - >
~ M- "g - A
i 14T YWV
+ ==3 +
L2 S4 I

C3
<Simplified equivalent circuit>

4x4 model: too complex for tractable analysis
V¢, can be expressed via V;; and V5

Reduced to a 3x3 model for transfer-function
derivation

State averaging equation

dvey _* 0 b1
dzt CyR 6;4 Vey 0
C3 1
o=l 0 @ o[V v
dir,, D4-2:D1 2:D4=D1 o Yagc L
dt 2L 2L
Small-signal modeling
[dVeitve) ] [ _ L 0 D1+dl
dt CiR [
d(Ves+ves) | _ 0 _ 1 __ D4
dt - C3R C3
d(ILdctiLac) D4-2+(D1+d1) 2+D4—(D1+d1) 0
dt 2L 2L
dvarE ] [ oL 0 b1
dt CiR Cq
AWVestves) | _ 0 _ _ D4+dd
dt - C3R Cs3
d(ILac+iLac) D4+d4-2+D1 2+(D4+d4)-D1
at 2L 2L

Ver + Uca
Vez + Ucs

'l:3|.-ac>o

Ide + lrdc

Ver + Ucn
Vez + Ucs

ﬁlHOO

Ide + lLdce

Vin
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* Three Phase Unfolding Inverter Transfer Function Derivation PEEC....o

» Small-Signal Modeling of the Three-Phase Unfolding Inverter

. | .
* D1 reference small signal model * D4 reference small signal model
d(Vci+ver) _r 0 D1+d1 | d(Vci1t+vc) _* 0 b1
dt C1R C1 Ver + Va1 0 | dt C1R G [V + 95 0
d(Ve3+vca) _ _ L _ ﬂ ~ 0 ) d(Ve3+ves) _ _ L _ D4+d4 —~ 0 )
— x|z 0 R T Ves + U,C.f + 1 Vin | —a |= 0 ok = Ves + Vf} + 1 Vin
d(ILdctiLac) D4-2+(D1+d1) 2+D4—(D1+dl) 0 Inac + irac 2L I |dULac+iao) Da+d@4—2+D1  2+(D4+d4)-D1 0 Irac + iLac 2L
at 2L 2L I at 2L 2L
|
dwe) _ (1 . AwE) _ (1
o dtl — (_ CI_R) (vg) + ( ) Ipae) + ( ) (lde) : Frant ( C1R) (c1) + ( ) (lde)
d(ves) 1 d(vcs) 1
. d—? = —3—) (Wez) + (- —) (izac) I g d—fz = (— Z) (ve3) + (— —) (Ipac) + (= —) (izac)
d(iLac) D4—2+D1 d(iLac) aa D4—2+D1
o 400 _ (28 ) + (22w ) + (- D)+ (Ve + P 2 (I 4 (R s () + (22 ) (Ves) +
2+D4—D1 _ 2+D4—D1 __
( 2L ) * (7c3) : ( 2L ) * (7c3)
|
avg, D1 avg 1 D1
- - 1 _— J— 0 - -
ddt ¢ |[va %C I ddf\ C1R G ||Vc1 ?de
vcs 2 D]+ 0 di | Des | _ 0 L Mozl + ¢, |da
ﬁ R G| — 2V +V | at C3R G| — Vei+2V
diig| |D4z2:D1 2:04-D1 o fllgc —% ding | |paz2:p1 2:4-p1 - |llgc %
a | dt 2L 2L
|
s Y Mo 21/27
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= Derivation of the Transfer Function with Respect to D,
dve D1 1 D1 1 D1
a | | “ar < |[vs e T e tar Y T4
dvcy 1 D4 < G = 1 D4 G 1 D4
——1|Ve3 |+ 0 dl,A= 0 -— ——|,B= 0 ,SI—A = 0 s+— —
dt TR G || = ey CsR s Wy CsR Cs
dig,, D4-2:D1 2:D4-D1 Uge e D4-2:D1 2:D4-D1 _zaarres _De-2eD1 _2:D4-D1
dat 2L 2L 2L 2L 2L 2L

* (sl — A)X(s) = BU(s) -> Calculate transfer function using Cramer's formula

ILdc 0 _ E
Cy C1
1 D4 I, 2 2%D4%—-D1+D4 Z*VCl+VC3
e N Ss) = 0 s+ — — | =) *(s —_— ) — (—
ve1a(5) C3R 3 (Cl) (" + R s ) (c1) e AN Ch C3*R)
2Ve1+Ves 2%D4-D1 0
2L 2L )
1 1 1 D1%D4—2%D1 D1xD4—2%D4? D1?>—D1+D4+D4?
. det(sI—A)zAs=s3+( + )* 2+( ! ) _ (prDi2 ))* ¢ - )
C1%R C3*R C1*C3*R? 2xL*xC1 2*L*C3 C1+C3*R+L
2, S ,2+D42-D1+D4, D1, 2*Vc1+Ves L1
Vei(s) _ Nycia(s) _ ( (P mrt e )@ e D Sty
di1(s) As s3+( 1, 1 ) s24 1 (D1+D4-2+D12) (D1xD4—2+D42) : (D12-D1+D4+D42)
C1+R ' C3=R C1+C3+R? 2xL*C1 2xL*C3 C1+C3+R*L
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* Three Phase Unfolding Inverter Transfer Function Derivation PEEC....o

*» Three Phase Unfolding Inverter overall transfer function

I, o Ildc D1(2Vc1+V3) 2D42*1LdC—D1*D4*1LdC 2V¢1*D1+V (c3+D1
Va® _ st s+

° — C1+C3*R 2xC1xL 2+xC1xC3+L 2%C1*C3*L*R [ s1 | _Nod;A_ 1| iy
dq(s) S3+( 1,1 >*52+ 1 (D1+D4-2+D12) (D1+D4-2+D42)\ _ (D12-D1+D4+D42) — ﬁ | Iy,
C1+R" C3+R C1+C3*R2 2+L*C1 2+L+C3 T C1#C3+R+L i PR
+ - H
D4(2Vcq1+Ve3) , D4(2Ve1+Ve3) Daxlpqc(D4—2Dq) L1 —
. Va® _ 2:C37L " C1+C3: LR 2+C1+C3L szjt} 1
ds(s) s3+( 1,1 >*52+ 1 (D1%*D4-2+D12) (D1+D4—2+D42) oy (D12=D1+D4+D4?) H
C1+R ' C3+R C1+C3+R2 2xLxC1 2xL*C3 ! C1+C3+R*L ettt in
| NodeB
D1(Vy+2Ves)  D1(Vey+2Veg) D1xlpge(2Da=Dy) C_) “““ AN
. Vals) _ 2:C1sL "2 C1xCaLR 2+C1+C3L + Vo -
da(s) S3+( 11 )*SZ+ 1 (P1:D4-2+D1%) (D1:D4-2+D4?)\ _, (D12-D1:D4+D4?) —
C1+R ' C3+R C1+C3*R2 2+L+C1 2xL*C3 ) C1+C3+R*L H 2
5 Jr
—I—L*SZ+( Indce D4(Vcl+2VC3))S  D1xDaxlp 3, —2D1%4Ip 5. Vq+D4+2V(3+D4 |= === i,
. VC3(S) — C3 C1+C3*R 2%C3*L ' 2%C1%C3*L 2xC1*C3*L*R < 1 Node C | ——
da(s) S3+( 1,1 )*SZ+ 1 (D1+D4—2+D12) (D1+D4-2:D42)\  (D12-D1+D4+D42) A '_H_'J.J.J. ANA-
C1+R ' C3+R C1+C3+R2 2+L+C1 2xL*C3 ) C1+C3*R+L -+ ==5 + -
L2 S4 —
_(2V61+VC3)*52+ (D4-2DVIjgq, 2Vcy+tVezf 1 | 1 )  (Da—2DDI1 4. 2Vc1+Ves 3
ILac(s) 2L 2+C1+L 2L \C1R C3R " 2%C1+C3+L*R  2%C1%C3*L*R2
. = . e g2 . N .
d4(s) S3+( 11 )*52+ 1 (D1+D4—2+D12) (D1+D4—2+D42) oy (D12=D1+D4+D4?) <Simplified equivalent circuit>
C1+R ' C3+R C1%C3%R2 2+L*C1 2+L*C3 j C1+C3*R*L
(Lert2Ves), g2, (_@DA-DUIge Vert2Vas( Ly 1Y), , (D4-DDIde, Vert2vs A total of six transfer
ILac(s) 2L 2%C3+L 2L \C1R' C3R 2xC1%C3+L*R ' 2%C1+C3*L*R? functions are derived
3 =
du(s) s3+( 11 )*SZ+ 1 (D1+D4-2+D12) (D1+D4—2+xD42) S.(Dlz—Dl*D4+D4-2) :
C1+R " C3+R C1+C3+R2 2+LxC1 2+LxC3 T C1+C3+R+L
KOREA NATIONAL 23 /27
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* Bode plot of the Three Phase Unfolding Inverter
D1 =0.625 D1=0.3125
i S1 1= - =1 i 2CS Coloi O D4=0'3125 2 0oloi0y D4=0’625
dc | Node A H Gm = -48.2 dB (at 0 Hz), Pm = 90.7 deg (at 4.09e+05 Hz) Gm =-48.1 dB (at 3.15e+03 Hz), Pm = -89.3 deg (at 4.09e+05 Hz)
Y'Y Y\ T — " @~ — AAA/ 60 60
+ - + Vy -
L1 —
SZJF} c1
4
- === i
NodeB | M

::li;g; _E _1| i > E014 (Ho) =04 (H2)
o 141 T
12 s L <V, (s)/d,(s) Bode plot > <V¢5(s)/d,(s) Bode plot >
c3 Vei(s) Ves(s)
<Simplified equivalent circuit> d1(s) da(s)
100Hz magnitude 48dB 48dB
. . . N (Matlab) hase 177° 357°
+ Bode plot of the simplified equivalent circuit P o 40,548 40,548
. . magnituae b .
transfer function via MATLAB TkHz 9
(Matlab) phase 139° 319°
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= Bode plot of the Three Phase Unfolding Inverter

' ' D1=0.625 D1=0.3125
ldac s1 924 amp(Vo1) D4 =0.3125 amp(Vo1) D4 =0.625
—l =21 —— 0 )
:NY: '—H—'T’FT sol—— MM/"\ e\ —
L1 in 40 a0
T .
n + — |_T R 2
szjt} ok == 20 phase(Vo1)
_ v L 1o phase(Vol) 100
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= Comparison of MATLAB and PSIM AC Sweep
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Conclusion PEEC, ..o

® Summary

» Operation analysis of the three-phase unfolding inverter was performed by analyzing 4 switching steps
and 2 averaged modes.

« The equivalent circuit was simplified by removing the T-type stage and converting the capacitor bank from
delta to wye, enabling tractable analysis.

+ Small-signal modeling via state-space averaging yielded six transfer functions with respect to the duty
ratios.

* The model was validated against PSIM AC-sweep: magnitude in dB matches and phase matches within a
360° offset.

@ Significance

+ Previous Research[1] lacks a transfer-function model (only static KCL/KVL relations), and Previous
Research[2] requires a dual-converter input stage.

« This work derives the missing MIMO small-signal transfer function on a single-converter input stage (TLBC).

» The derived transfer function makes stability and bandwidth analytically predictable, providing a clear
basis for systematic controller design.

® Future Work
« Closed-loop voltage / current controller design based on the derived MIMO plant.
+ Hardware experimental verification with a prototype.
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» Three Phase Unfolding Inverter Operation Analysis
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» Three Phase Unfolding Inverter Operation Analysis
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* Three Phase Unfolding Inverter Operation Analysis PEEC....o

= Step4
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Three Phase Unfolding Inverter Operation Analysis PEEC....o
» Key operating waveforms of the Three Phase Unfolding Inverter
ig iy
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» Key operating waveforms of the three-phase unfolding 0
inverter. 6m 8m 10m 12m 14m  16m 18m 20m
+ Each capacitor voltage is shaped by the TLBC converter, and Time (s)
the three-phase unfolding circuit alternates its polarity to <Key operating waveforms>

generate the three-phase AC output.
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