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Research on impedance characteristics of voltage regulator module in
high-performance computer

YAO Xin-an, SONG Fei, HU Shi-ping
(School of Computer Science, National University of Defense Technology, Changsha Human 400073, China)

Abstract: To solve system instability caused by the interaction between individually~désigned power modules/sub-systems
in high-performance computer, the input and output impedance characteristics of Voltage regulator module for multi-core
processor were thoroughly studied. The small-signal model and lock~diagram of voltage regulator module were
developed, and various transfer functions were presented. Then, sheMeedback, compensator was designed, and the open-loop
and closed-loop impedance characteristics were simulated an Sddsured. (The simulation and measurement results lay a
foundation for the improvement of system stability.

Key words: voltage regulator module; \""/V;? ara@teristic; open-loop impedance; closed-loop impedance;
impedance measurement X
L}

0 5% o HEEBE RIS EE R, Vin 880 A I, Vour byt 3 5, S1
1 S2 2H S —AH , S3 1S4 ZH pAE R, S11 F0 S12 ZH AR S

#Ho S1 1 S2.83 1 S4.S11 1 S12 M FF KA )F A BRI R R,

Pk BE AL B R A B o A U e R G T A

HATEMER 5 TEIEILE T4 ER, h
TR AR R G i AR ARG 2 6] KA B
R EGRBREARE. BNADERESZEX AR
Hers RGERRE PR R AR AT T AT 98 SCHR[ 1 -4 ] A IRAE HL 2%
A B A B AR BB BURRR th NS00 T R R G tE i
PLESR IR T4 FERPLL A . RGN, A i R
e LM AR B ROR T 45 L IRAELHY T R GE i B 1
BRItk , TS oL JRASEEY T 2R 8 B B DL R PR R T ER R A E
FREAAEERNE L,

FRT, R RS BN R S AL B AR, TAR RIS
100 224 IR BOT BARR M Skt 4 4h Bas e 1)
FLRAR O L SRR IR

AR SC A PR TR A AR B A BEDL AR PR AR N PN &2
HL TSR /ME SR, AT T /MRS A B IR
T SRR AN B IAE T EHS BT B IERE .

1 EERFTERNEFRE
Fh RS S P O AN 1 B o ORI

Wi BHE:2011 —04 - 19;4& 8 B #7:2011 - 06 -29,

S1.83.85.87.99.511 B EFXE, BRI HEZ 60
FEERE ;S2.84,56., 58,810,812 S & M [F 20 B 4, UEIE
B Lol =Lo2 =--- = Lo6,Co A IR I LA

Lol
FJ T
s2 %
|—|<—| B Lo2
Y Vout
vin [ 116D 19
?‘J T
H % T
L Co| | fadk
L Lo6
s | L
s12

B R I
ANAA BRI P B R A H 2 A A B A R, LAt

E4TIH : E5 863 11X H (2009AA01A128)

BN PEE (1972 - ) B TS A RIBTS A B L, RIS - AR B IR RS R (1973 ), B ITHFHET AL
BOTAE R, EEBTRO R MU IR RS I (1954 - ), 5B LT A TR B, ZEBTR A AR AL R R R
TR A



%11 4

VAT B B AR AL b e R B AU AT A 3117

T[] —2H A [0 i, B /M S MY AT L A0 — >S5 3K
RO B LK) 176, SRR TF S AR BN TF S IR 3R 6 £
(Y SEAH ] 25 L Buck 254t

PR PR Buck AR LRI/ ME SAE RN 2 7R,

R.=0

2 A Buck ZEHudS /MG SRR

B2, DAL=k, dE DTSR,V MRARE,Y,
LR E R AR A, L, LR IR, C, R
WA, R, NFESHEE PR, A TRk, A XAR
ZEFAXEFERENFEBH BB B ERMEENE
BRI A A S

HREE 2 f/MESHE R, W HE T /MES 447, SR Buck
AR 10 TF P AL 128 B B

F¥ s Z,(s) R

Z(s) = — 25 (1)

2 La
LCs + = +1
TR Z:(s) A
£L,,C,,s2 + %s +1
D’ RCs+1
F IR V, (s) X d(s) BfER KL G.i(s) Ky

Culs) = ool o

L C ¢ L, 1
o 0,S +Es+
W E V, (s) STHARIE V,(s) M&mER L, (s) H:
D
(4)

Z(s) = >
&)

A (s) =
LCs + is +1
ol R
Buck A28 /MBS REAE B 3 s,
1.’(5) VZ(s) R
i(5) sy %+ i(s)
: +

L

G.(®)

— +  G(s
Z,(5) =0 ()

3 Buck ZB#F/MEERFEER
B3, A (s) A — & ETF L 338 EHLA, ()
EEH — M ABRRIFIME SRS, G, (s) 2AMER 4 RE#
HREL, G, (s) JE PWM Bk e VA I 38 AOAG 3 BB, Z, (s) N
HPEPL, Z,(s) ATFFHRBARBL, G, (s) Bfih — & R
BBEE G, (s) RG] — & H & RiE S R
FRAEE 3, IS SIS A T, (s) N

T.(5) = 6.()6,(5)6,(s) (5)
ISR B 2, (5) 4
PR

T+ 7.(5) (6)

AL Z,. ()

1 Ty(s) 1 1 -
Zw(S) = (ZN(s) Xl + TV(S) +ZD(S) Xl + TV(S) )
(7)
i,
LCs + L, +1
R ™ oS ?‘S
ZD(S) = = EW (8)
ZN(S) =_§ )

2 WA AT

2.1 FFIRBHIHFME

A5 %o T 2 2 e, B ) 45 P T SRR 47
T ALA 355 b R AR SR EBTHEAT LA, st —
B BAF A _E FB S BT IO 1 o

ERLIH,V, =12V, V &Y 1V, &EE RN 100 A,
Lol =Lo2 = -+ = Lo6 =300 nh, & - & I i 25 6 800 uF, JT 655
250 Kz, $ % HL B Lonel, 53008 3 F) 5 buck 725
HeERIE i R SOnH , FF 8% 1.5 MHz,

JFB\ I 2 00 A 75 e BT PR B R SR L A
S, T
= 3.74 x 10™2¢* +5 x 107%s + 0. 011

Z 10

() 6.29 x 10”5 + 0. 008 4 (10)
5 % 10

- 11

) 3.4x10" +4.5x10% +1 (1)

FH Matlab /42 1 4R 9 B8 T %) FF PR A
FEDLE I AF I, 3 H Venable 3120 451 2 upg 7 3 A (% % AL T 3
TR BT SR A IR AT T SRR 1A 4 5]
ST 1 /ME SRR LA K SE BRI BAS 2] B FF B A BT
Rt B 5 sl g i T /MR S BB LR S PRI R AR 2
FOTT P BELAURR I o X LU BRI THEAR B B BELURR 4 F L
3120 Hne 73 A S BT R AR 1B, T DA Hh BRE A 1 45
R ZRRU R R A R A b — B, Ul I R R T R A/
R SRR IEM T

20

10° 10° 10" 10° 10°

IR Mz
(a) FERREI A R P IIE ARG 1

10* 10° 10* 10° 10°

iR /Hz
(b) SEINTFHRHR A BB
B4 g AR



3118

P HEAL B

531 %

2.2 [OERigsRigit
2.2.1 Ribwihig i R

X F Buck ZEHags , [l 44 25 pREL T, (s) 2F:

T,(s) = G.(s)G,(s)G,(s)H(s) = G(s)G,(s) (12)
H1:6,(s) = G,(5)G,(s)H(s) ARMEMERMLE G, (s) BHHY
e B 18 2% PR, R Ry SR T B 386 25 bR B G, () 2 PWIML k58
TERIER AL 3 A ST RS S P R IR vV, BRI
H(s) B RIFAEMEREEES L H(s) = 1,

=30

m
=z
im 6
2-70-

Wikmz
(a) FFERYG s FELpIRATAR

AZR Hz
(b) SR BT L RE R A
HINEI 2R ik ke i

¥
A I 25 R €, (5) W QX%:
6.(5) = &1l N o

BRIV, =1 5 JRIE(3) L (13) AR 6, (8 4

8
G =
A8 = 10 5 4.5 x 10 Al

JELh [ 25 BB G, (5) MBEARIELLAME6 FTR . WTLIR
H AR RA 5. 29°, RERAR REEN, A BEAEKR
AR AR B S R A AR BT 45° &,

LHETE 10dB £15,
Gm =Inf dB, Pm =529 deg

(14)

40

10° 10" ] 10° 10°
P& Mz

AL /C)
S

10° 10° 10 10°
BZ Hz
B 6 J5 4 B B 25 s Ao AR A
2.2.2 AMER &AL
FRAR R B 2E RS G, () AREWS R RGBS FshS4RE
WIBR , TIMAKMEMLE G, (s) o AMERZE RERGE T H—

80 f%ﬂﬁ%ﬁ@%&zc( ) H:
0 10* 10° 10° <> H R * 7>

TR/NER I3 AR R G R B S AN Sl SRR AR A W E R I
gr, BB ARG R G R | i TR AR S ST A X
AR o

B 7 J2 C RURM 2 1Y rin B S5 A 2 A% 3 bR R, i
25 T ASR AP 20 A = s of 340 1 B 484 23 B985 S 0
WA

N
¢ R R
r< AW
V() AN _
(5)° + ——oV (s5)
(a) CTIRMERI 4% BB 45y
g
AV, [\
—20dB/dec
20dB/dec —20dB/dec
AV, f —
0 i i j
fo I f. T f

(BVCRIAME R IR
BN C BRURMEM 2 B

: (15)
1
<Rl> H (& + )
FRA
/. : 1 L (16)
’1 21'rRC /2 21'r(R +R,)C,
B
1 1
T =0 e = a7 RGG o
TC +C,

2.2.3 @M B RN FREH

JE 45 8] [t 3 25 R AL G, (s) A PWIAAE RS fe =
Fo g = 8636 Hz; RMEME T AR AP S £, L fo FI=AMR
B fus fos foo FHEEESSHFENIZ RIS ER R0 & #MEM
KB

1) YEFAMEIE (3 35 XM R £, o f, Bl _E P AT
IR 172,25 SRS IR TP R B, f, —IRBCHFF LI
W 1/5,

2) JEIR 101 e 386 25 o B0 RO, PR AME 4 G (5)
B@Vﬁ/\ﬁ‘iﬁ&iﬁbﬁﬁé Ie 8 PR ASOARG ASAR BRI 172, B

fo =Ffa =

3) JEUHR [0 e pR OB F A, FDRE A2 190 46 F) B I A AR
S BRER fo = fs = S0, LAB/INE HH 8 BT B0

e R A B O SUBETH IR0 B2 I 25 25 M ST S B0 T B
7N

R, =2.7kQ; R, =4.7k}; R, =0.147kQ; C, =2.2nF;
C, =10pF; C; =4.7nF

B ESBATRE G (s), AT th (] 39 25 oK 3
T,(s) H:

(18)

fplcopzso



#1144 VAT B B AR AL b e R B AU AT A 3119

T,(s) =
1.86 x 107s? +31. 8s + 1340707
1.1 x107%5° +2.5 x 107" +3.4 x 107 +5.2 x 10" +5

WRABLIT Z, (s) FotEo 18 10 /MG SRS T UK
PRI RSB A TR A B BUIR S R, T DU BN T
ST BRI S S PR AR B AR R R — B0

(19) 60
T,(s) BIERFEIANE 8 Fizs. ME 8 T, #ME)G I % 5 40
S MM BAE 51, 5° 2047, B AS W B M 31. 4 dB Z245, W 3 2
RGO ER g
Gm =31.4dB, Pm=51.5deg
100 50 . . .
10" 10° 10° 10’ 10°
m  Of IH Az
% » (2) FRFREIA LR
E 100
-200 . . : — . 20
10° 10* 10° 10° 107 10° 10° @
BRA&Hz pu
45 =
0
-90
i%—135-
L -20 . L L
180 104 108 b6 107 108
—2231 IR /Hz
27045 1o 15 1 T 1 T (b) SRIREER N BT AT
SR/ Bl 10~ mEER s S A B

B8 T,(s)BreA

2.3 MW

LI BRI RS T, (s) (R 4 BE RO 2 4 BE W R B SRA ,
B DLk — 25 3 TR 53 v, T 9 5 A5 i 1) P 3 BEL AT e PR B
H BT RR SR R A BRI SRR ARy, P13
ﬂdnﬁﬁﬁ?fﬁ@ﬁ%ﬁ%ﬁ@ﬁﬂﬁﬁt(@\(11)\(19&
B R R SR B Z,, (s) et ME
ST DL K SE R i B AS 2 1 T TR bt I A3
o TTLUE W, BRI THEAS B0 I SR B BB S SE TR
BRBIMEERE R -8,

AR BN T R IR T B Y/ ME SRR, g iR
TR TP RFRIK, Ll T BRI SRR TSR IR
Toaga A SR 2 T A TR 981 75 A5 2 Y 77 R A S i BEL L A
P IR E MR AR XA B T R BT I B SR
TR BR 254 25 57 SEANAH CLH B0l R BT R . 78RR
£ AE T R PR ER DU 1 , R 33 AR i
AGHAT T LR IS, B T BT R R IE ST, ASCESI
/MESEARTE NS E, AR R G RE BRI EE T
Ehtllo R, OIS A RBE U BT 9 28 R , X 3
AU IR I BT RERT TE BA RIS E M EL

S % 3Rk :
[1] WILDRICK C M, LEE F C, CHO B H, et al. A method of defining

< Q&ﬁ%ﬂiéﬂ‘ﬁT Bt RETTHE AL A R A T R A A

the load impedance specification for a stable distributed power sys-

0 . . . .
10°* 10 10° 10° 107 10° tem [J]. IEEE Transactions on Power Electronics, 1995, 10(3):
Sz 280 - 285
(a) PR LSO ATURR It T
-80 [2] FENG XIAOGANG, LIU JINJUN, LEE F C. Impedance specifica-
~100 tions for stable DC distributed power systems [ J]. IEEE Transac-
g tions on Power Electronics, 2002, 17(2): 157 —162.
g -120 [3] ZHANGIM, XIEX G, JIAO D Z, e al. Stability problems and in-
=
-140 put impedance improvement for cascaded power electronic systems
~160 ) ) ) ) [ C]// Proceedings of IEEE APEC. [S.1.]: IEEE, 2004: 1018 -
10° 10° 10° 10° 107 10° 1024.
B Hz

[4] ABE S, HIROKAWA M, ZAITSU T, et al. Study of stabilization

(b) S B L R TR AR
B9 P 4 B A
VARG A BEL R 7 28 e e X vt o YR ) £ 3R £, SRR

Bebt AT AR IR P R A BB i < W TR TR e A DB e

design for on-board distributed power architecture [ J]. IEEE Trans-
actions on Power Electronics, 1993,8(2):112 - 119.

5] WONG P-L. Performance improvements of multi-channel interlea-

W92 R, IR, FRER4EA BE B0 /2 0 i B 0 A sU i R T
RERENWEEKE . 25Kk HA T RER A EA MBS
J& PR — U It LI 2 18] S R AT LA R G T
Rt o mal(7) ~ R (19) AR e B A5 B B i 1)

[6]

ving voltage regulator modules with integrated coupling inductors
[EB/OL].[2011 =01 - 01]. hitp: //citeseerx. ist. psu. edu/view-
doc/dowmload?doi =10. 1. 1. 58. 1506 &rep = repl &type = pdf.
ERICKSON R W. Fundamentals of power electronics [ M].
York: Kluwer Academic, 2001: 377 —391.

New



