1060 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 18, NO. 3, JULY 2003

A Study of Composite Resonance in AC/DC
Converters

S. R. Naidy Member, IEEEand Robert H. Lassetgfellow, IEEE

Abstract—Control-system errors and imbalances in the ac merically from the converter simulation. The converter control
system may generate and magnify abnormal harmonics in the system has been included in the simulation and the overall har-
ac-bus voltages and the dc current. In this paper, a technique qnic impedances at both the ac and dc terminals are derived.

based on harmonic impedance matrices has been used to simulate_l_he harmonic impedance has been used to predict lightlv or nea-
the steady-state response of ac/dc converters. The technique allows P p ghtly 9

the computation of converter impedances or admittances viewed atively damped integer harmonics.

from the dc or ac bus. At any operating point, a linear circuit may A technique based on the eigenvalue and frequency-domain
represent the converter and harmonic magnification factors are approach has been used in [3] to analyze the low order harmonic
calculated. High harmonic magnification indicates the possibility instability. Approximate switching functions have been used in

of composite resonance. The impact of a small negative-sequenc 41 to derive th ll-si | del and to study h A
imbalance in the ac system voltages is shown for a six-pulse ] to derive the small-signal model and to study harmonic in-

current-controlled converter. teraction in a converter supplying an arc furnace. Transfer func-
. . tions for the current-control loop of a HVDC link have been
Index Terms—AC/DC converters, harmonic interaction, reso- . o
nance. calculated in [5] and the stability of the system has been ana-

lyzed. Based on a simplified model of the commutation process,
transfer functions that convert ac voltage to dc voltage and dc
. INTRODUCTION current to ac current have been derived in [6].

AVEFORM distortion in ac/dc converters has been very A frequency domain analysis has been used in [7] to obtain
difficult to quantify and consequently, has not been weft Set of simultaneous equations, which, after considerable

understood. It has been observed that converters with low shéf@nipulation, reduce to a matrix equation relating the ac and
circuit ratio experience high levels of waveform distortion. ThidC harmonics. The converter impedance seen by the dc system
has been attributed to the high ac system impedance, whose$rfierived from this equation. At this stage, the expression for
ductance may resonate with the capacitors and filters installed composite impedance becomes complicated. An equiv-
the converter's ac terminals. Resonance of this nature may |é8@nt RLC network is derived which matches the composite
to harmonic instability. impedance at its resonant frequency. Composite resonance

The ac/dc converter is the interconnection of the ac and §8mping is taken to be identical to the damping factor of the
systems via the static converter. The ac system impedance§fuivalent RLC circuit. o _ _
teracts through the converter characteristics to present entirelyt Pecomes clear that the composite impedance is essentially a
different impedance to the dc side. This gives rise to resonadBatrix quantity. This is true for the composite impedances seen
frequencies, which depend on the ac system impedance, th@®Bdhe ac and dc sides of the converter. Any single harmonic
system impedance and the switching of the converter. The re§gmponent of current flowing into composite impedance pro-
nance is “composite,” implying its dependence on all elemerfi¥ces a multitude of voltage harmonics. Some means for iden-
of the ac/dc converter. tifying the resonance frequencies becomes necessary. Amplifi-

Several contributions have appeared in the literature on h&ftion factors have been used [8] to isolate the resonant frequen-
monic instability but few have directly addressed the phenorﬁi-es and these factors are defined as the transfer functions from
enon of composite resonance. One of the earliest ana|yse§3'f:titious voltage source placed in series with the converter to
harmonic instability is reported in [1]. Harmonic instability rehe voltage across the dc filter.
lated to firing-angle imbalance has been identified in this contri- IN this paper, a technique based on the harmonic impedance
bution and the concept of harmonic magnification is defined. [Ratrix is used to determine the steady-state responses of a cur-
another study [2], the linear relationships between integer h&gnht-controlled six-pulse ac/dc converter. The simulation pro-

monics on both sides of the converter have been obtained fgdure is general and can include the frequency-dependence of
parameters. The linear equivalent circuit of the converter is de-

rived for each operating point and it has been used to compute
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Il. TIME-DOMAIN REPRESENTATION OH MPEDANCES I1l. COMPOSITERESONANCE

i Co(r;&deraper|0d|cwa_\/efor]:ir(ht) Oﬂ'm'ﬁced bgnﬁmdth.The The ac terminal of the converter is considered to be on
time-domain representation of this wavefornzidhen-vector o s rce side of the transformer's leakage reactance. The

of eqwdl_ls_:]ant Eampleczjs over one period :_:1t thef fﬁndame?tal fE:eé'nverter presents a set of admittances at its ac terminal, which
quency. The phasor-domain representation of the wavetorm H;epend on the dc system admittance, the transformer leakage

X—F.x 1) indu_ctance, and the _conduction periods of the _indiv_idual

thyristors. These admittances are full complex matrices in the
whereF' is then x n, symmetric, complex matrix associateoOhasor'domainj On the othgr hand, the ac sy;tem ad_mittances
with the discrete Fourier transform [9]. are comple>§ dm_gonal matrices. The composite ad.mlttance at
The first element ofX is the dc component af (). The the ac terminal is thg sum of the ac system admittance and
the converter's ac-side admittance. The diagonal elements

of the composite admittance matrix are the total harmonic
nent at the highest frequencyX&(m -+ 2), which is real ifz is a self—_adm_ittances. AC-side composite resonance occurs when

vector of real-valued samples. The subsequeatements from e imaginary part of a harmonic self-admittance vanishes.

X (m + 3) to X (n) are the conjugates 0f (2) to X (m + 1) in The impedance presented by the converter at its dc terminal

nextm elements are the phasors representingthelfarmonic
components of(t), wherem = n/2 — 1. The phasor compo-

reverse order [9]. The structure &F is therefore depends on the ac system impedance including the transformer
leakage inductance, and the conduction periods of the thyristors.
X =[Xpc X1 X2 X1 Xtz Xiy1 - X5 X7]E The dc-side converter impedance is a full, complex matrix. The

) dc system impedance is, however, a complex diagonal matrix.
The composite impedance at the dc terminal is the sum of the
Impedances of linear network branches are represented infigeSystem impedance and the F:on_verter's impedance. The di-
phasor-domain by: x n-dimensional, complex, diagonal ma-@gonal elements of the composite impedance are the total har-
trices and the diagonal of complex harmonic impedances H8"'C self-impedances. DC-side composite resonance occurs
the same form as (2). Léf be the complex impedance matrixhen the imaginary part of a harmonic self-impedance is zero.
of alinear network branch. L&, I(e, 7) be the phasor-domain
(time-domain) representation of the periodic voltage and current

waveforms associated with the impedance. Then IV. Six-PuLse AC/DC CONVERTERANALYSIS
E=7 1 3) Fig. 1(a) shows a three-phase, six-pulse ac/dc converter. The
ac system consists of a source, its internal impedance, a shunt
From (3), we obtain capacitor connected to the ac-bus and the leakage inductance of
o ) ) the transformer between the ac-bus and the input terminals of the
e=F"-Z - Fi=zi 4 thyristor bridge. The current controller shown in Fig. 1(b) has

h is the | d i in the time d i It aon parallel functions [10], a simple gain, and another response
wherez Is the Impedance matrix in the time domain. t|se_1re unction to provide a gain related to the rate of change of current.

fE” matr|x hz\_/mg a c:__rculgnt strucfture. Tfh(; f'rj,t COIU;”?S The sum of the two functions is input to an integrator with gain,
the inverse discrete Fourier transform of the diagond o which computes the firing angle.

In contrast to the impedance matrix of a linear circuit, the Two-state resistors model the thyristors. When conducting, a

time-domain conductance matrix of a thyristor switch is diaqh fistor is assumed to have a resistance of1and this value
onal and the elements on the diagonal are the equidistant s Ips to 50 MY in the nonconducting state

ples of the thyristor's conductance over a fundamental peri There are four unknown voltage waveforms to be determined.

Let g be the diagor_ual .conductance matrix of a thyristor syvitcphese @5, epc, eLp at the input and output terminals of
and lete be the periodic voltage waveform across its termmal§he thyristor b/ridge/and the voltages of one of the thyristors.

Then the thyristor current waveform is The equations for the unknown variables are obtained by ap-
(5) plying Kirchhoff’s current law at the node4, C and D. The

tTae fourth equation is obtained by equating the sum of the cur-
From (5) rents in the upper row of thyristors to the sum of the currents
in the lower row of thyristors. These equations are nonlinear,

I=F.g-F''E=G-E. (6) sincethe thyristor conductance matrices depend on the unknown

voltages and the switching instants. They are solved iteratively
G is the thyristor conductance matrix transformed to the phaseoising the Newton—Raphson procedure. The computations in-
domain. Itis a full matrix, with the off-diagonal elements reprevolved are listed below.
senting the cross-frequency coupling admittances. The element€ompute the admittance matricgg., yp Of the ac and dc
on the diagonal are the harmonic self-admittances. systems respectively and the short-circuit currents at the input

It should be noted that time-domain and phasor-domain cdefminals of the thyristor bridge. The short-circuit currents are

volutions are implicit in the construction of the matriceand cap, cgc, cca for the phasesiB, BC andC A. The matrix
G [9]. Y 2¢ includes the leakage inductance of the transformer.
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D . : .
. - - , the th_at (7)—(10) are matrix equations. These equations are
¢ Zk . % X written in the form
Al Bl eci

AC - bus - A - - CAB —CcA €AB 6jaB
A L L Ly T €BCc — cca g.|eBC | _ 4iBc (11)
E N R - = . :
aB Ny Rs T P eA|B > Ypc - Epc eLp 6JLp
S Ecy B e I, 0 UN oIN
T Putting
N fre
JEpc l c Eoc 94 =941 Y942, 9B =9B11t9B2, 9c =9c1t9c2:
e —21W. Le —0.558H oy + I 9AB =941 T 91> 91 =941 t9B1 +9c1-
s = > Lg =0, ey epy ecr N — + + — +
Ly =0.0936H, Rp =0.005W - Z]l i Z‘§ ) Z‘E 92 =942 79B2 T 9c2: 93 =9aA T 9B

the Jacobian matri¥ is given by

N sr 1 B 2Yac+ 94 Yact9a —9a1 9a
b K =1 z —
101, =/ s g | Yac +94 2Yac+t9s —Y9aB 93
Ipe —9a1 —94B Ypct+t91 —9:
10 iy, 9ga 93 —9g; g1+ 9
3.0485
I (12)
beo s +1362
6. The correction$esp, depc, derp, dvy that should be
I,., =DC current for o=0; o= (1-3/10) added to the assumed waveforms to minimize the residual cur-
() rents are
Fig. 1. (a) Three-phase ac/dc converter. (b) Current controller. dean 6JaB
deBc 1 | %BC
=J - . (13)
1. Assume the wavefornes g, egc, er.p andvy. Then, the deLp 83D
thyristor voltages are Sun Sin
ea2 —eaB +epc +UN; e€ep>=epc+UN, ec2=UN; 7. Return to step 1 if the maximum norm of the residuals is

€Al =€rLD — €a2; €1 = eLp —em2; ec1 = erLp —eco. above aspecified tolerance.

2. Calculate the dc current waveform A. DC-Side Converter Impedance
Removing the ac and dc system excitations and substituting
Jjip =Ypc - (ep — Epc). the thyristors by their respective conductance matrices gives the
linear circuit representing the ac/dc converter at a given oper-
3. Using the waveform obtained in step 2 as input to the cuiting point. Letj,, be a current injected into the dc terminals of
rent controller, the firing instants for the thyristors are detethe converter after disconnecting the dc system. The voligge
mined as described in [10]. developed at these terminals is obtained from
4. The thyristor voltages obtained in step 1 and the switching

instants calculated in step 3 permit the computation of the con- €AB 0
duction periods and the diagonal conductance matrices of the 7. €eBc | 0 (14)
thyristors. These ar@y4:, 942, 9B1: 982, 9c1, 9o2- ! ez | |Jz |’
5. Apply Kirchhoff's current law as described previously. 0
Since the waveforms in step 1 are solution estimates, KCL will N
not be satisfied but will give the residual currents The matrixJ; is obtained fromJ by puttingype = 0 in its

elements. By elimination, (14) may be reduced to
(cAB — cca) —Yac €aB — Yac " (eaB +eBc)

—9az €A2+ g -€a1 =0jap ) o ez (15)
(cBC — €cA) — Yac - €BC — Yac - (€aB + €BC) Wherezc isthgtime-domain impedance mqtrixforthe converter
. . atits DC terminals. Cross-frequency couplings are taken into ac-
+9c2-€c2 — 9c1 - €c1 = 0jpec — OIN ) count in this matrix. The corresponding harmonic domain ma-
9a1-€a1t9p1-€B1 1+ gc1 - €Ct trix is given by
+Ypc - (ep — Epc) = —0j1p )

Zc=F z¢-F7' 16
9a1 -€A1 +9p1 -€B1t 9go1 - €c c c (16)

—gas- €42 —gps - €B2 — goo - €c2 = 0jn. (10) The elements of ¢ are complex impedances.
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AC - bus\ lAE J;AB LT From (18) and (19)
] v

10 T |:.7.AB:| _ {Z’/n 2'/12} . [ AB} . (20)
— @B eqn JBC Yo1 Yoo vBC

- ‘ Thyristor The matricedy,1, y12, Y21, Y22 9ive the converter admittances

A bridge seen from the ac-bus.

+ T The ac system is governed by

~ @ ¢pc [iAB} _ [2~y’Ac Yac ] [vw} 21)
igc| JBc ‘ iBC Yac 2'Yacl Llvsc

wherey/, - is the admittance matrix per phase of the ac system

without the transformer’s leakage inductance. The total admit-

tance at the ac-bus is given by

2 Yac Yac ] n {yn le}
Y21 Y22

Fig. 2. AC-side representation of the converter.

B. DC-Side Harmonic Magnification Factors Yror = [ , 5 o (22)
. . . . Yac "Yac
Consider the converter at an operating point. The impact of a
small negative-sequence imbalance may be calculated by ”‘Ql_iﬂgAC-Side Harmonic Magnification Factors
the linear converter circuit. It is assumed that the imbalance

in the ac system excitation will not affect the switching of the Consider the linear circuit of the converter at an operating
thyristors. point and let the excitation be the negative-sequence voltages of

Let j, be the short-circuit current at the dc terminals ofMPlitudedvys. LetéV ap be the phasor representation of the
the linear circuit with the negative-sequence voltage as tR&PUS voltage waveform of phas3. The ac-side harmonic
ac-system excitation. Lef. be the dc current when the dcMmagnification factors are defined as
system is connegteq to the converter. The magnificat.ion factor Mac = (1/6vns) - abs(5V ap). (23)
at thekth harmonic is defined as the ratio of the amplitudes of
the kth harmonic ofj to the corresponding amplitude gf.  Of particular interest is the fourth elementsaf,. which is the
The magpnification factor depends on the relative phase of tRtagnification factor for the third harmonic. High values of this
negative-sequence voltage, which is random. Only the malement indicate ac-side composite resonance at the third har-
imum magnification factor as the phase varies, is considerednonic.

high magnification factor implies the possibility of composite
resonance on the dc-side. V. RESULTS AND DISCUSSION

The six-pulse converter shown in Fig. 1(a) is used as the ex-
C. AC-Side Admittances ample for investigation. In all cases, the requested dc current

The transformer leakage inductances are usually included @ the controller is set at 60% of the current corresponding to
the converter admittances viewed from the ac-bus. Let voltagés™ 0- The impact of 2% negative-sequence imbalance in the ac
vag, vee be applied to the ac terminals of the converter, agystem \_/oltages onthe dc cyrrent and ac-bus voltage harmonics
shown in Fig. 2. Using the linear circuit of the converter at thi§ the primary concern of this study.

operating point, the equations relating the converter currents and N€ Simulations used = 256, which is convenient to use
voltages are with the fast Fourier transform (FFT). A larger sampling fre-

quency increases the solution time considerably. The simula-
tions presented in this study are limited by this sampling fre-

€AB JaB
. . quency.
7, | °BC | = [IBC 17) _ .
eLp 0 A. DC-Side Composite Resonance
N 0 Fig. 3 shows the 2nd harmonic magnification as a function of

. . . o the shunt capacitance and it indicates a high gain when the ca-
whereJ is obtained fron by puttingy , = 0inits elements. pacitance is 1.8@F. The smoothing inductance has been fixed

Eliminatingezp, vnx from (17) at 0.6243 H. Fig. 4 confirms that the largest increase in the 2nd
) harmonic content of the dc current occurs when the shunt ca-
|:.7AB] _ [911 912} _ {CAB] . (18) pacitance is 1.8@F. Fig. 5 compares the dc current waveforms
JiBc 921 9oo eBc with and without the 2% negative-sequence imbalance.

As discussed in Section IV-A, the harmonic domain converter

Let zr be the impedance matrix for the transformer’s leakagmpedance matri¥ ¢ seen at the dc-bus is a full matrix whereas
inductance. Then, from Fig. 2 the dc system impedance matrix is a diagonal matrix. When the
two matrices are added together, there could be a significant can-

|:’I)AB:| _ |:6AB:| N [2 -Zr 2T } . |:jAB:| (19) cellation of the imaginary parts of the elements on the diagonal.

Fig. 6 shows the real and imaginary parts of the converter’'s 2nd

vBC eBc zr  2-zr JBc
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Fig. 3. DC-side 2nd harmonic magnification factors.

Fig. 6. DC-side converter impedance.
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DC current, kA
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|

Fig. 5. Impact of 2% negative-sequence imbalance on dc current waveforr, AC-Side Composite Resonance

Fig. 7 shows the ac-side magnification factor at the 3rd har-
harmonic self-impedand®¢ + j X . as a function of the shunt monic when the shunt capacitance is varied. Maximum magni-
capacitance. This is the 3rd element on the diagon&l@fThe fication is observed when the capacitance is;iF8Figs. 8 and
same figure shows the constant reactakige: of the dc system. 9 show the increase in the 3rd harmonic content of the ac-bus
Though a total cancellation of the reactive parts is not observed|tages when either the shunt capacitance or the smoothing in-
the total impedance at the 2nd harmonic is indeed a minimuwtactance is varied. The impact of the 2% negative-sequence im-
at 1.89uF. balance is a maximum when the capacitance isuE&nd the

The total impact of the negative-sequence imbalance is daductance is 0.6243 H. Fig. 10 shows one of the ac-bus voltage
to the transfer of the negative-sequence voltage to the dc-sideveforms for these parameter values.
as a 2nd harmonic voltage, as well as the cancellation of the reThe total admittance of the converter at the ac-bus (22) is the
active part of the total 2nd harmonic impedance. The harmoraddition of four diagonal matrices representing the ac system to
magnification factor takes both effects into account. four full matrices representing the converter admittances seen
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mine the maximum impact of negative-sequence imbalance on
the ac-bus voltage and dc current harmonics.

with negative-sequence
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