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A DC Bus Oscillation Suppression Strategy Based on
Series Voltage Compensator for Diode Rectifier

Ruidong Sun
Zichao Zhang, Long Jing

Abstract—Series compensation is an effective way to reduce
the dc side passive filters of diode rectifier (DR), but the stabil-
ity judgement of such series compensation system (SCS) by the
impedance-ratio-based stability criteria is complicated, because
this kind of system has many cascade forms and complex coupling
interactions. This article proposes a stability analysis method for
the SCS composed of DR and series voltage compensator, based
on which an impedance optimization strategy is present to solve
the instability problem. First, the simplified two-port small-signal
model of SCS is established. The stability analysis is based on com-
mon characteristics of the system, which can fully reveal the dc bus
oscillation mechanism combined with equivalent loop gain and the
stable condition can be obtained for control system optimization.
From the point of view of reshaping the impedance of series loop, a
virtual-impedance-based control strategy with simple implementa-
tion is adopted to improve the system stability without affecting its
dynamic performance, and the controller and parameters design
are given considering the requirements of impedance optimization.
An experimental prototype is established to validate the accuracy
of stability analysis and the effectiveness of proposed control.

Index Terms—DC bus oscillation, impedance optimization
control, miniaturized passive filters, series compensation system
(SCS) stability analysis, series voltage compensator (SVC).

1. INTRODUCTION

IODE rectifiers (DRs) are widely used in high-power
D applications, such as the aerospace, ships, and rail transit
[1], [2], [3], which have the advantages over active rectifiers in
efficiency, reliability, and power density because of simple struc-
ture, strong overload capacity, and low loss [4], [5]. The main
drawback of DR is that dc side voltage ripple and grid current
harmonics caused by rectification deteriorate the reliability of dc
power supply and cannot meet the grid code [6], [7]. The most
reliable and simplest method of meeting power supply standards
is to use the high-capacity passive capacitors and inductors at dc
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output of DR. However, the passive filters are bulky and costly,
and cause current total harmonic distortion (THDi) to increase
dramatically during partial power operation [8], [9]. The large
capacitors on dc bus will also raise the failure rate of power
electronic systems and increase the difficulty of fault isolation
under dc short [10], [11].

Active filters with power electronic circuits have been used as
an alternative path to solve the issues caused by passive filters. A
two-terminal active capacitor/inductor concept has been recently
proposed in [11], [12], and [13]. The active filter consists of a
small passive filter connected with an auxiliary circuit to achieve
the same output characteristics as a large-capacity passive filter
[11], and the apparent power and voltage of auxiliary circuit
is significantly reduced [13]. This approaches retain the same
convenience as passive filters without any external control sig-
nals and power supplies [12]. However, it is still necessary
to use relatively large passive filters to reduce the capacity of
power stage. An electronic inductor with harmonic suppression
function is used to mitigate current harmonics in the same public
grid [9], [14]. But the active circuit needs to carry full voltage
and rated current and is not suitable for high-power applications.

To lower the voltage level and losses of active switches, a
series type compensation circuit (electronic smoothing inductor)
is inserted between DR output and dc bus to eliminate THDi and
reduce dc capacitor current stress [15], [16]. However, the large
capacitors are still needed to guarantee the dynamic behavior
of dc voltage. The series voltage compensator (SVC) was pro-
posed in [17] to eliminate the DR output voltage fluctuations
by generating harmonic voltage. Thus, a stable dc bus voltage is
obtained without capacitors. The discussions in [17] are confined
to the case of no dc bus capacitors and verifies the feasibility
of proposed voltage-current dual-loop (VCDL) control method.
But it lacks a detailed analysis of system stability for most
capacitive loads.

In [18] and [19], the stability of the series compensation
system (SCS) consisting of source converter, load converter,
and SVC was analyzed, and the impedance ratio of system was
obtained by taking the load side bus as interfacing location. The
system stability could be judged based on Middlebrook criterion.
However, the impedance ratio in only one cascade mode was
analyzed, which could not prove the whole system is stable. At
present, the impedance-based methods are effective for stability
assessment of multiconverters cascade systems [20], [21], [22].
But, the SCS has various cascade forms based on the different
partition points. This means that all the impedance ratios at
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Fig. 1. Topology of DR with SVC.

different interfacing locations have to meet the forbidden-zone
criteria to ensure SCS stability [23]. Meanwhile, the SCS is
strongly coupled leading to difficulties in solving the converter
impedance. Obviously, impedance-ratio-based stability criteria
may not have the ability to judge stability very succinctly.

In order to solve this problem, Pan et al. [24] proposed
a generic stability assessment methodology for the complex
system, and the equivalent loop gain of the system is obtained
based on a unified two-port small-signal model of the system.
Then, the stability requirement of system is given by introducing
the Nyquist criterion to the equivalent loop gain. On this basis,
Mu et al. [25] clarified that the system equivalent loop gain and
impedance-ratio type stability criterion at different interfacing
locations, have the same stability results. However, the above
stability criteria may not be able to visualize the factors affecting
system stability, which does not provide guidance for solving the
system stability problem.

Impedance is an intuitive and effective way for dynamic
representation of power electronic devices [20]. The SVC re-
places the bulky passive filter in the DR, unlike active ca-
pacitors/inductors in [11], [12], [13], [14], [15], and [16], its
impedance characteristics cannot be equivalent to a fairly large-
capacity passive filter. This may lead to system instability as the
loop impedance characteristics of DR with conventional passive
filters are changed [26]. Stability studies of cascaded systems
have shown that the essential reason of system instability is that
the system damping is reduced by the impedance of converter
and causing dc bus oscillation [27], [28]. The virtual impedance
control can improve the system stability at a very low cost, which
is more promising [29]. Chen et al. [30] proposed an active
damping control strategy and parameter design method to meet
the diversified requirements of active damping configurations
in a dc distribution system. However, active damping methods
applied to SCS are rarely studied and the existing compensation
controllers are complicated to design.

This article will study the stability of SCS composed of DR
and SVC from the point of view of whole system, and the
stability analysis methods in [24] and [25] are extended to SCS.
The unified form, common transfer function, and equivalent loop
gain of the SCS are derived, and this is used to analyze the
dc bus oscillation mechanism. Furthermore, an impedance op-
timization based on voltage command compensation (IOVCC)
control strategy with simple implementation and high parameter
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Fig. 2.  Simplified circuit of the SCS.

adaptability is presented to improve the SCS stability and have
little impact on the dynamic performance of the system.

The rest of this article is organized as follows. The operating
principle and design criteria of component sizing of SCS is
presented in Section II. And the stability and dc bus oscilla-
tion mechanism of SCS with VCDL control are analysed and
the oscillation suppression method is given in Section III. On
this basis, Section IV gives the optimization process of SVC
output impedance and the implementation of IOVCC control to
improve system performance. Finally, Section V demonstrates
the experimental verifications on a 2 kW prototype. Finally,
Section VI concludes this article.

II. OPERATION AND COMPONENT SIZING OF THE DR WITH
SVC SYSTEM

A. Topology and Operation Principle

The topology of the proposed DR with a SVC for dc filtering is
shown in Fig. 1, where eg and i are DR input voltage and current,
respectively. The output pulsating voltage u,e. is generated by
DR rectification. Uy, is the dc bus voltage. The SVC, which is
a full-bridge converter with isolated power supply, is connected
between DR and bus load to compensate the ripple voltage in
Uy by the output voltage ug. Thus, the Uy, is equal to the
average value of u,... A bidirectional isolated dc—dc converter is
connected to dc bus to provide stable intermediate voltage Ucg
and electrical isolation. According to the series relationship, the
iqc1 flowing through the SVC output terminals is both the output
current of DR, and the load current iy, is supplied by iq.; and
SVC input current igcs-

To facilitate the analysis of SCS’s operating principle, the
following assumptions are made.

1) The DR output current iq.; is continuous.

2) The three-phase grid voltage is balanced, where phase
voltage eg, = Epsin(wt), E}, is the amplitude of eg,, w =
27f, is fundamental angular frequenc, and f,, is fundamen-
tal frequency.

3) The influence of grid filter inductor Ls on the DR commu-
tation process is ignored.

The simplified circuit of SCS is shown in Fig. 2. It can be seen

that the DR, SVC, and load form a series loop.

According to [14], the DR output voltage u,e. can be ex-
pressed as

3v3 E
= B D

n=1,2,3,-

cos (6nwt — n)

ey

Urec =

2
36n2 —1
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Fig. 3. Waveforms of system voltage during continuous operation.

The dc and ac components of u,. can be calculated separately
as follows:

3\/§E

Urec de —
_ T p

@)

3v3 . 2
Urec_ac — _TEp nz%:g} 36m2 — 1 cos (ant — nﬂ')

3)

The output voltage of the DR contains significant 6nth har-
monics. Normally, the bus voltage of the dc power supply system
is allowed to stabilize within a certain range as the grid voltage
varies [16]. Therefore, the SVC handles only the ac component
Urec_ac 1N Upec, implying a low VA rating, and a smooth Uy, is
obtained instead of large-capacity passive filters. The us should
be controlled as
“)

Us = Urec — Urecfdc-

The main waveforms are shown in Fig. 3. The Uq. varies
with ey, and the u is pure ac voltage within allowed range of dc
voltage. If its losses are neglected, the SVC is also a pure energy
storage element compared to passive filters.

B. Design Criteria for System Component Sizing

System component sizing is presented considering the func-
tionality, efficiency, and power density, which provide the basis
for system stability analysis. Design guidelines for components
in SVC, DR, and bus load are given, respectively.

1) Component Sizing for the SVC: First, the voltage and
current stress on active devices of power stage are calcu-
lated. According to (2) and (3), the minimum value of Ucs is
(3v/3/m — 3/2) E,, ~ 0.093Uy for controllability. Considering
an adequate voltage margin in practice, the Ucg is set typically to
about 10%~15% of Uyq.. us has to be generated as the local pulse
average value within the switching period 7' = 1/f; (switching
frequency) by PWM using the duty ratio d €(0~1)

Ug = dUCS — (1 — d)ch (5)

Combining (3) and (5) gives the relative turn-ON time of the
transistors Sy, Sy

E
d(‘PN) = 1 + \/?; ?(COS(PN— i) PN € (—I ~ ﬁ) (6)
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which are required as weighting function for the calculation of
average and rms values of the Sy, S4 current

3 [T/ 1
Isisa,avg = ;/ ide1 - d(oN)den = 3
—m/6

3 /6 . ) 1 .
Is184,ms = p ) fdc1” - d(on)den = ﬁlch (8)
—7/6

Due to pure ac characteristic of ug, the average duty ratio is
equal to 1/2. As a result, the current stress of §1—S4 are same.

Ideally, the SVC does not handle active power transfer (i.e.,
iqc2 = 0), so the capacity design of front-end dc—dc converter
only needs to consider the SVC losses. The processed apparent
power ratio of the compensator Ssyc to the main system Spr
can be derived as

)

idcl

/6
\/ f 7'r/6/u’g (‘ON SON
SDR B Urec_rms chl 6 =12
fﬂfi/s “b () 37\? doN

~ 4.2%

Ssve ~ Us_rms “ldel

©))

where us ;s and Upec yms are the rms values of SVC and DR
output voltages, respectively. The Ssyc/Spr is independent of
system power level and network voltage level by only 4.2%.
Furthermore, due to the reduced voltage level, the SVC can be
implemented with low-voltage high-current MOSFETS, and the
Jf5>100 kHz, which allows the filters to be selected relatively
small. While the low-voltage power semiconductors have lower
on-state resistance, resulting in lower losses, which facilitates
the realization of high power density rectifiers.

The capacitance of intermediate capacitor Cs has impact on
the operation of SVC. The current of Cg can be obtained from

Urec_AC (t) .

ics(t) = &7(:1&:1 (10)
. PL PL - T

idel = = 11
det Urec_DC 3\/§ Ep ( )

where Pr, is the power of DR system, to determine the value of
Cs in terms of sixth-harmonic current. The voltage ripple across
C, is derived as

1 P
s(t) = — ics(t)dt = ———— i t). 12
veslt) = & / ies(t)dt = 155 pe, Sn(6wt). (12
The peak voltage is
F
AUy = —————. 1
Ve = 105C, 0, (13

The design requires that AUcs < 7, Ucs (7 is the voltage
ripple ratio). So the value of Cy should satisfy
P
Co> ————. (14)
105y, wUcs
The full-bridge converter output LCL filter can be designed
according to conventional procedure [31].
2) Input Inductor Lg: The increase of Lg is beneficial to
reduce harmonic pollution to the grid and mitigate the adverse
effects of both harmonic and unbalanced voltage on DR. But



5210

80

60

\NAANANN \\
\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\‘{\\\\\\\\
\\\\\\\\\\‘\‘\‘\‘\\\\\\\\\\\\\\ RN
AN NN NNy
\\\\\\\\\\\ \\\\\\\ N
NN NN
T e _ e R ias

40 AN

Cdc(“-F)

20

0.l
2000

PL(W) 3 150 Ep(v)

Fig. 4. Component sizing constraints of Cqc.

L affects the commutation process of DR to produce a non-
negligible overlap angle, resulting in a voltage drop AU,

AUpe = %XB iger (15)

where Xg = wLs. The SVC needs to compensate for AU,
which generates active power transfer. Due to the small capacity
of de—dc converter, AU,ec/Uqc is limited to not exceed the
overlap voltage drop factor av,. The value of Ly should satisfy

- 9avEp2.

s =

wr Py, (16)

3) DC Bus Capacitor Cg.: The main purpose of SVC is to
significantly lower the DR output capacitors. As a result of
the limitation of control bandwidth, the SVC has poor ability
to offset harmonic voltages above 18th order. For the higher
harmonics suppression, the LC filter is still needed, which is
composed of loop equivalent inductor L.y = 2L¢ and Cyc, its
cut-off frequency f1, o does not exceed 24f,. Therefore, the value
of Cq4. should satisfy

1
(2427 f0)  Leq

Also consider the dynamic response capability of rectifier,
when the load power suddenly changes 50% of rated power, the
dc bus voltage fluctuation AUy should be less than A, Ug. (Ay
is the voltage fluctuation ratio). Based on the experience that
the current loop response time is approximated by 107, where
Teq is calculation period, assuming that the transient process is
powered by Cq.. The value of Cy. also should satisfy

Cac = a7

(18)

Fig. 4 shows the two constraint surfaces of size Cy4., with the
minimum value of Cq. being dependent on Py, and E,. The size
of dc bus capacitors has been significantly reduced compared to
conventional high-capacity electrolytic capacitors.

According to the above design criteria of component sizing,
the design case of 2 kW prototype is given. The numerical
results given in figures are based on the case with specifications
described in Table I.
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TABLE I
SPECIFICATIONS AND PARAMETERS OF THE DR WITH A SVC

Parameters Values
Source voltage esims) 110V
fundamental frequency fo 50 Hz
svstemn Dc bus voltage Udc 256 V
4 Power rating Pi 2000 W
Overlap voltage drop ratio oy 1%
Voltage fluctuation ratio Ay 5%
Input inductor Ls 300 uH
DR Dc bus capacitor Cuc 100 uF
Rated load resistance R. 330
Switching frequency f 100 kHz
Intermediate dc voltage Ucs 35V
Filter inductors L, 80 uH
SvC Filter capacitor C, 5.6 uF
Filter inductors L» 15 pH
Voltage ripple ratio yy 2%
Intermediate dc capacitor Cs 1 mF
Switching frequency 200 kHz
Turns-ratio of LLC N 7:2
DEX-LLC Resonant inductor Lr 43 uH
Resonant capacitor Cr 150 nF
Aidcl Al’dc
Aich +
UCSAd/D ZLLC
lZN. Cd_c_ [] C)
[ AUdc RT Al
L| Lo
SVC Load

Fig. 5. Small-signal model of the SCS.

III. ANALYSIS OF SYSTEM STABILITY AND DC BUS
OSCILLATION MECHANISM

A. Modeling and Stability Analysis for the SCS

The SCS could be modeled with three functional blocks: The
DR can be equated to a Thevenin circuit with harmonic voltage
SOUICE €hs = Upec_ac 1N series with line impedance Zg = 2sLg
[16], [32]. To simplify the stability analysis, the Zj, is resistive
load Ry,, which is in parallel with the dc bus capacitor Cq. as
the dc bus equivalent load Zg., s0 Zq. = 1/(sCqc+1/Ry,). In the
given case, a DCX-LLC resonant converter is used as front-end
of SVC, and the SVC can take generic small-signal model [33].
The small-signal model of the SCS based on combination of
these three blocks is shown in Fig. 5, where Ai, is load current
disturbance, Ucy and 14,1 are steady-state values, D is average
duty cycle, N is LLC turns-ratio, and Z, ;¢ is LLC equivalent
impedance.

In order to effectively suppress the voltage harmonics of Uy,
the SVC adopts VCDL control to modulate the voltage uc of
filter capacitor C, and the current i, of filter inductor L1 [17].
From the point of view of whole system, using Aeys and A,
as input variables of system and AUg. and Aiy.; as the output
variables, the small-signal control diagram of SCS is obtained,
as shown in Fig. 6, where u,. is the reference value of u., which
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Fig. 6.  Small-signal control block diagram of SCS with VCDL control.

TABLE II
PARAMETERS OF THE VCDL CONTROL OF SVC

Parameter Value Parameter Value
e 0.25 ki 1 300
Gi 0.07 ki 2 200
Teq 40 us ki 3 100

varies with eg and is equal to Uyec-Uyec_dc. The Gy is voltage
regulator, and the G;j is current regulator. Since the u..¢ contains
6nth ac components, the G, adopts proportional quasi-resonant
controller to improve harmonic compensation. The G, can be
expressed as

ki n - 2wes
5 8% 4 2wes + (6nw)

Gy(s)=kp+ >

n=1,2,

;  (19)

where k,, and k, _,, are gains of proportional and quasi-resonant
links, respectively, and w, is bandwidth at resonant frequencies.
The G; adopts proportional controller. As i1, approximately
equals -igc1, it follows that the load current feedforward is
introduced to improve dynamic performance [34].

The parameters of G, and G; are designed to ensure that the
SVC is independently stable. According to the controller design
principle proposed in [34], a set of controller parameters that
satisfy the design requirements is shown in Table II.

Furthermore, the expressions of open-loop transfer functions
of the system can be all derived as shown in the Appendix with
the small-signal model. It can be seen that these expressions are
very complex and are not easy to analyze the system stability.
Due to the coupling between front-end and downstream stages
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Fig. 7. Simplified small-signal model of the SCS.

of SVC and the large number of passive components, the small-
signal model is complicated and the system order is high. So, to
better characterize the system, the SVC is simplified as follows.

1) Considering Cy is large enough that the input voltage
disturbance of downstream converter can is neglected, i.e.,
AUcs = 0.

2) Considering the SVC hardly transmits active power, the
load current disturbance is neglected for front-end con-
verter.

3) Considering resonant inductor L, is small enough in DCX-
LLC, its output impedance Zy,;, ¢ is neglected [33].

The simplified small-signal model of whole system is shown
inFig. 7. The Cy is converted to dc bus to obtain the dc bus equiv-
alent capacitor Creq = Cac+Cs/N* and Zg. = 1/(sCpeq+1/RL).
The simplified expressions of open-loop transfer functions are
then obtained as in Appendix. Furthermore, the simulation and
comparison results in the Appendix verify the accuracy of the
simplified model.

On this basis, the stability of SCS with VCDL control is
analyzed in detail. The equivalent loop gain 7T/cpr, of SCS with
VCDL control is established from Fig. 6 with the expression
[35]

T _ GyGiGua
VCDL = Gi(Gira+Giua+GvGuZs)+1
_ GvGiUcsZeo(Zro+Zs+Zac)
T ZriZcotH(Zra+Zeo+GiUcs) (Zra+Zs+Zae )~ Gy GiUcs Zeo Zs

(20)

where ZLl = SL1, ZL2 = SLQ, ZCO = 1/(SC0).

According to open-loop frequency-domain stability margin
requirement, the phase margin of the frequency characteristic
curve of Ty ¢pr, is greater than 0° to ensure SCS stability, which
is a sufficient condition for system stability.

On the other hand, in order to intuitively show the effect of
system parameters on stability, the two-port small-signal model
of the SCS obtained by integrating Fig. 6 is shown in Fig. 8, so
the expressions of the four input-to-output transfer functions of
the system can be derived as follows:

Yin_vepL

_ Yin + Gi}/in (GiLd + GvGucd) - GiGid (GiLv + GvGucv)
Gi (GiLa + Gig + Gy Gyea + Gy Gia Zs) + 1

21

Tii_vepL
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_ A; + GiAi (Gira + GyGuad) — GiGlia (GiLi + Gy Guei)
Gi (GiLa + Gia + GvGyea + Gy GiaZs) + 1

(22)

Av + GiAv [GiLd + Gid + Gv (Gucd + GidZs)]
_Gind [GiLv + Yvin + Gv(Gucv + Y}nZs)]

TVV*VCDL - Gi(GiLa+Gia+ Gy Gua+ Gy Gia Zs)+1
(23)
Zo VCDL
7.+ G Gua(Ai + GiLi) + Zo(Gira + Gia) + Gy

(GueiGva + GuedZo + ZsAiGva + ZsZ,Giq)

G (Gira + Gig + G Guea + GvGia Zs) + 1
(24)

1
T =
SV T G (Gita + Gig + Gy Gued + GoGiaZs) + 1

(25)

where Yin vepr and Z, vepr are the input admittance and
output impedance of SCS, respectively, Ti; vepr, and Tyy vepr
are the current and voltage gain of SCS, separately. Then, the
stability condition of the SCS can be obtained. If the SVC is
stable when operating independently. According to the Nyquist
criterion, the basic stability requirement for the SCS is that there
are no right-half-plane (RHP) poles in the above input-to-output
transfer functions (21)-(24). Consequently, there are no RHP
poles in the common part 7y, yvcpr is the sufficient and neces-
sary condition for the stability of the SCS.

Using the equivalent loop gain Ty cpr,, the system stability
can be determined from the frequency-domain. The effect of
parameters variation on system stability can be clearly obtained
by utilizing the zero-pole distribution of 7}, vcpr,. Comparing
Tvcpr and Ty, vepr, it can be found that the denominators of
1/(1+ Ty cpr) and Ty, vepi are the same, in other words, they
have the same poles. Therefore, the two approaches can be used
to justify the stability of SCS and they have identical results.

It is important to note that the system remains stable and has
sufficient harmonic suppression to ensure that the dc bus voltage
is stabilized. When the system is stable, 7, vcpr, can be used to
measure the harmonic suppression capability of the system, and
to ensure that the dc bus voltage ripple does not exceed 1%,
Tyv_vepr should satisfy

1%

€hs_k

|Tyv_vepL (jhw)| < (26)
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Fig.9. Zero-pole distribution of the common transfer function 7, vcpr, with
or without Cpeq. (a) CLeq = 0 pF. (b) With increasing Cpeq = 200:15000 pF.

where eys i indicates the kth harmonic percentage of epg in
continuous mode.

B. Mechanism of the DC Bus Oscillation With VCDL Control

Existing studies have demonstrated that SVC with VCDL
control can ensure stable operation of SCS when there are no
dc bus capacitors [17]. However, based on the design criteria
in Section II-B, the dc bus needs to be connected in parallel
with capacitors to ensure the quality of power supply, which
may affect system stability. Therefore, the effect of Crcq on
the stability of SCS is studied. Fig. 9 illustrates the zero-pole
distribution of Ty, vcpr, with or without the Creq on dc bus.
When Creq = 0 puF, Ty, vepr, has no RHP poles, which in-
dicates that the system is stable. When there are capacitors
on dc bus, Ty, vepr has three pairs of RHP conjugate poles
(P1—Pg), which means the system is unstable. As Cy,. increases,
the RHP poles gradually approach the stable region, and the
oscillation frequencies of P;-P- tend to 300 Hz, that of P3-P,
tend to 600 Hz, and that of P5-Pg tend to 900 Hz, respectively,
corresponding to the three resonant frequencies in G,. Thus,
it is considered that the quasi-resonant links cause the system
instability.

Choosing Creq = 200 uF, the influence of quasi-resonant
links in G, on the system stability is analyzed. Fig. 10 presents
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the zero-pole distribution of 7},, ycpr, varying with the gains of
quasi-resonant links (k, ,, n = 1,2,3). From this, the following
conclusions can be drawn.

1) Ask, , decreases, P3s—Pg move closer to the stable region,

while P;-P5 move towards the unstable region.

2) When k, 3 = 0, P5-Pg will not exist, when &, 3 = 0 and

ky o =0, P1-P2 will not exist, and when k, 3 =0, k; o =
0 and k, ; = 0, P3-P4 will not exist.

3) When there are no quasi-resonant links in G, the system

can be stable.

Fig. 11 shows the magnitude-frequency curves of 7y, vcpL
when there are no quasi-resonant links in G,. Obviously, the
SCS loses its harmonic compensation capability, analogous to
the traditional DR, which suppresses 6nth harmonics by adding
capacitors. However, this goes against the design goal of utiliz-
ing SVC to reduce passive filters.

From the above analysis, there is a contradiction between the
stability and the harmonic suppression capability of SCS with

VCDL control. When both Cr,q and quasi-resonant links
exist, the SCS is unstable, which will cause the dc bus oscillation
and jeopardize the dc power supply system. But, according
to the system operation principle, the dc bus capacitors and
quasi-resonant links are indispensable. Therefore, the effect of

5213
60f - = CLeg=OpF
i — Cleq=200yF
—_
@ 40r Creq=400pF
S —— ClLeg=600pF
3 ook —— CLeq=800puF
2
=1
o 0
2 L
-20
C |
-180F
e 0f .
Q
g t J
o180 §
172] L .
<
£ of -
—180: i :
ok .| N I : T S S
20 10° 10° 10
Frequency (Hz)
Fig. 12.  Bode diagrams of Tvcpy, varying with Cpeq.

the interaction of the dc bus capacitors and the quasi-resonant
links on system stability needs to be further investigated to reveal
the dc bus oscillation mechanism.

The open-loop frequency characteristics are used to infer the
reasons affecting the system stability. Fig. 12 shows the bode
diagrams of Ty cpr, varying with Cr,cq. It can be seen that when
Creq = 0 uF, i.e., Zq. is resistive load, the phase margin of the
system can meet the stability requirements (PM1-PM3>0), and
the SCS is stable. When Cr,.q#0 pF, i.e., Zq. is a RC load, the
phase margin cannot meet the stability requirements, and then
the SCS is unstable.

Compare and analyze the expression (20) and bode dia-
grams of Tycpr,, where Zp o+Z.+Z4. indicates the series loop
impedance formed by Ly+Leq and Zy.. When there are capac-
itors in Zgc, Lo+Leq, and Creq Will generate series resonance.
According to design criteria of Cq., the series resonance fre-
quency does not exceed 1000 Hz, which will interact with the
quasi-resonance frequencies in G,,.

From Fig. 12, it can be seen that the series resonance causes
the frequency characteristic of Ty cpi, to change significantly,
and the common effect of the series impedance resonance and
the quasi-resonant links in G, results in phase margin of system
not meeting the requirements. Also, the impedance resonance
frequency decreases and moves away from the quasi-resonance
frequencies as Ct,eq increases, which will reduce the influence
of series resonance on G, and make the system tend to be stable.
This is consistent with the conclusion in Fig. 9(b).

Combined with the analysis results of two stability criteria, the
dc bus capacitors will resonate in series with the loop inductors,
which will change the effect of the quasi-resonant links on
stability, resulting in system instability. So, the dc bus oscillation
is caused by the interaction of series impedance resonance and
quasi-resonant links.
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C. Method for DC Bus Oscillation Suppression

The quasi-resonant links in G, ensures sufficient harmonic
suppression capability of the system. To avoid the interaction of
series impedance resonance with G, it is necessary to reduce
the series resonance effect. The equivalent output impedance of
SVC with VCDL control is Z, gy, the expression considering
the Ai, perturbation is as follows:

ZCO (ZLl - GvGiUCsZs)
GyGiUcsZco + GiUcs + Zco + Z1a

Fig. 13 shows the magnitude-frequency curves of Z, svyc,
we can see that in series impedance resonance range (100—
1000 Hz), the Z, svc can be approximated as equivalent to a
600 pH inductor. However, this is not enough to suppress the
series impedance resonance jeopardizing the system stability.
By adding loop inductors and capacitors, it is possible to reduce
the resonance frequency away from quasi-resonance frequencies
and ensure system stability. But this requires the considerable
capacity of passive components and loses the significance of
series voltage compensation.

On the other hand, the system stability can also be improved
by increasing the series loop damping to weaken the impedance
resonance effect. Fig. 14 illustrates the effect of increasing the
loop resistance Ry 2 (the series resistance of Ly) on the zero-pole

Zo_svC = 27
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Concept of IOVCC control strategy.

distribution of T}, vcpr. Itis observed that increasing the series
loop damping can bring RHP poles into the stable region and
ensure the stable operation of the system.

However, the passive damping method brings additional
losses and also affects the dynamic performance of the system.
Therefore, an active damping method is considered to increase
the loop impedance through optimal control, and the effect of
series impedance resonance on stability is effectively improved
without worsening system dynamic performance.

IV. IMPEDANCE OPTIMIZATION BASED ON VOLTAGE
COMMAND COMPENSATION CONTROL STRATEGY

By optimizing the output impedance of SVC, the series
loop impedance characteristics can be improved. The IOVCC
control strategy ensures the system stability by introducing a
series-virtual-impedance Z,;, g, and enhances system dynamic
performance by introducing a parallel-virtual-impedance Z;; .
The optimized SVC output impedance structure is shown in
Fig. 15.

Using the state variable feedback method [34], the virtual
impedance is realized by equivalent transformation based on
the small-signal control diagram (see Fig. 6) with VCDL control
[36], [37]. Fig. 16 presents the implementation of the IOVCC
control strategy, the dash line section shows an intuitive method
of introducing Z;, g between the output current and voltage, and
1/Z,;, p between the output voltage and current. However, this
method cannot be achieved by control directly. To make the same
goal, the output of Z,;, g is moved to the voltage reference and
adjusting the transfer function to Gjy, futher moving the output
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of 1/Z;; p to the input side of Gj, and adjusting the transfer
function to G1,G,., as shown in the dot-dashed line section.

A. Implementation and Parameters Design of the Z,;, s

In order to ensure the stable operation of the SCS, the output
of SVC is connected in series with Z;, g to increase the series
loop active damping, which can effectively suppress the series
impedance resonance. According to the Fig. 16, the transfer
function Gj, obtained by the equivalent transformation of Z;, g
is expressed as

Giv = (1 + Giv_c) Zvir_S

GiUcs + Zco + Z1a
GVGiUCSZCO

According to the dc bus oscillation suppression method, the
introduced Z;, g can be set as a resistor. The derived expres-
sion for Gj, is too complex to implement. To ensure system
stability, the Z,;, g needs to be resistive at least in the series
impedance resonance range (100-1000 Hz). The magnitude-
frequency curve of Gj, . in the above equation is shown in
the Appendix. The (1+Giy ) can be approximated as 1 in the
100-1000 Hz. Therefore, G, adopts proportional controller and
uses iqc1 feedback control to realize Zy;, g with the expression

GivGvGiUcsZco
GyGiUcsZco + GiUcs + Zco + Z1a

By adjusting Gj, to ensure system stability, the common part
Ty, 1 of the input-to-output transfer functions of SCS after the
introduction of Zy;, g is expressed as

1
G [GiLa + Gig + Gy Guea + Gy Gia(Zs — Giy )] —&-(;('))
The zero-pole distribution of the T, ; varying with Gjy is
shown in Fig. 17, which shows that with the increase of Gi, the
unstable poles P1-P2 and P5-Pg tend to stabilize, and the P3-Py
firstenter the stable region and then become unstable poles again.
To ensure the system is stable, Gj, should be selected in range of

Giv.c = (28)

Zyie s = (29)

Tm_l ==
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4to 15, and Gj, = 10 is selected considering sufficient stability
margin.

After the introduction of the Z;, g, the output impedance of
the SVCis Zo1 svc = Zo_svce+Zyir s, and the optimized output
impedance magnitude-frequency curves are shown in Fig. 18. It
can be seen that Z,;, g basically has resistance characteristics
in the series resonance range, which effectively suppresses the
adverse effect of series impedance resonance on stability.

B. Implementation and Parameters Design of the Z,ir p

The introduction of Z;, g increases the output impedance of
the SVC at low frequency, which reduces the load disturbance
response capability of the SVC and thus affects the dynamic
performance of the system. For this reason, Z,;, p isconnected in
parallel to the output of SVC, as shown in Fig. 15. According to
the Fig. 16, Z,;, p isimplemented through u. feedback control as
the command value of i4.1, which implies control of the system
power. When system is running stably, the closed-loop control
ensures that the SVC does not output active power, so u. does
not contain dc component, and then Uge = Uyec_dc. The system
control objective is to stabilize Uqc, so the Uy is utilized instead
of u. feedback control to realize Z;, p.

In order to reduce only the low-frequency output impedance
without changing the impedance in the series resonance range,
a low-pass filter G, is used to extract dc component of Uy, for
feedback control. Gy, is a second-order low-pass filter with the
expression

wy?

52 + 2wy s + wy?

GL(s) = (3D

where w, is the cut-off angular frequency. To realize the stable
control of Uq., Gy adopts a proportional-integral controller to
realize Z,i, p with the expression

K
Gy (s) = kp + . (32)
Zvir_P _ ZLl + GivaGiUCs - GVGiUCSZS ) (33)

GL va Giv Gv G(i UCs
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The common part T},, o of the input-to-output transfer func-
tions of SCS after the introduction of Zi, p is expressed as

1
GiLa + Gia + GyGued + Gy Gig-
(Zs - Giv) - GLGVVGiVGvGVd

T2 = (34)

Gi +1

First set k; = 0, the zero-pole distribution of the T3, 2 varying
with k;, is shown in Fig. 19(a). With the increase of k;,, the P1-P»
go from stable region to unstable region, the system is stable
when k,<20. Considering enough stability margin setting
ky, =5, the zero-pole distribution of the Ty, » varying with ; is
shown in Fig. 19(b). Adding the integral link, the system adds
a pole Py, and with the increase of k;, the P1-P2 go from stable
region to unstable region, the system is stable when k;<210.
Increasing the gain of G, to reduce the magnitude of Z,;, p can
improve the dynamic performance of SVC, while considering
the system stability, a compromise is chosen with k, = 5 and
ki = 30.

After the introduction of the Z;, p, the output impedance
of the SVC is Z,3 svc = Zo1_svc//Zyiy_p, and the optimized
output impedance magnitude-frequency curves are shown in
Fig. 20. It can be seen that the magnitude of Z;, p is small
enough at low frequency and large enough at high frequency. The
optimized SVC output impedance Z,s gy has a significantly
lower magnitude at low frequency, which improves system dy-
namic performance; also, the magnitude in the series resonance
range is large enough to effectively prevent the series impedance
resonance from the system stability.
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C. Stability of the SCS With IOVCC Control

The IOVCC control strategy is obtained through the above
analysis. Based on the VCDL control, Ug. and i4.; feedback
control are added to compensate for the command value, and
the optimized control block diagram is shown in Fig. 21.

Furthermore, the suppression effect of the IOVCC control
strategy on the dc bus oscillation is verified. According to the op-
timized control parameters in Table III, the zero-pole distribution
of Ty,_o is shown in Fig. 22 when the Cy,¢q varies within a certain
range. We can see that the IOVCC control strategy can ensure
system stable operation. The optimized control strategy and
parameter design method can provide enough stability margin.

The voltage gain Ty _1ovcc of the SCS with optimized con-
trol can be expressed as

T _1ovee
Ay + Gi A, [GiLa + Gid + GyGyed + Gy Gia(Zs — Giy)]
+G1Gvd [GiLv + Yin + GvGucv + Gvyin(Zs - Giv)]

GiLa + Gia + GvGuea + Gy Gig:
(Zs - Giv) - CTVLG’vv(;iv(;vC?vd

G; +1

(35)
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The magnitude-frequency curve of Ty, 1ovcc is shown in
Fig. 23. The gains at the 6nth harmonic frequencies can make dc
bus voltage ripple meet the requirements. Therefore, the IOVCC
control strategy solves the dc bus oscillation problem of the SCS.

V. EXPERIMENTAL VERIFICATION

In order to verify the accuracy of the system stability and dc
bus oscillation mechanism analysis, and the effectiveness of the
IOVCC control strategy. The series compensation technique has
been applied to a 2 kW, 110 V, 50 Hz DR with resistive load.
The test bed for testing the experimental prototype is shown in
Fig. 1. Table I gives the prototype design specifications. Fig. 24
illustrates the SVC prototype with the two-stage structure. Ex-
perimental cases of stability judgment under different working
conditions with VCDL and IOVCC are completed. Meanwhile,
the dynamic performance of SCS is tested during the source
voltage and load transients.

A. Validation of Proposed Stability Assessment Methodology
When the SVC Adopts VCDL Control

The dc bus capacitor Cqc is set to 0 pF, 100 pF and 1000 pF,
respectively, to verify the effect of series impedance resonance
on system stability. Fig. 25 shows the experimental waveforms
of the SCS under different C4.. Obviously, when the dc bus
without capacitors, the SCS is stable, and the dc bus voltage
harmonics are significantly suppressed. But there are obvious
divergent oscillations in uyec, Uqc, and ige; after the SVC input
compensation when capacitors exist in the dc bus, this indicates
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Fig. 25. Experimental waveforms of the SCS varying with Cqc. (a) Cqc =
0 pF. (b) Cqc = 100 pF. (c) Cqc = 1000 pF.

that the system is unstable. Increasing the dc bus capacitors can
mitigate the magnitude and frequency of system oscillation. The
experimental results verify that the dc bus capacitors cause series
impedance resonance, resulting in system instability, and that
the effect of series resonance on stability can be mitigated by
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increasing capacitors to reduce the resonance frequency, corre-
sponding to the judgment results of the SCS stability criterion
in Section III.

Furthermore, the harmonic spectra of u,., before and after
SVC input compensation are shown in Fig. 26. When C4. =
100 pF, the harmonics in u,¢. near 600 Hz increase significantly
after the SVC input compensation; When Cq. = 1000 pF, the
harmonics in u,e. near 300 Hz increase significantly after the
SVCinput compensation. However, this deviates from the stabil-
ity analysis results (the instability poles correspond to frequency
near 900 Hz when Cyq. = 100 pF). The deviation of oscillation
frequency obtained from theoretical analysis and experiments is
due to the nonlinear DR being approximated as an ideal linear
model. The stability analysis based on linearization modeling
can still accurately derive the nature of system instability, since
the trend of parameters variation on stability is consistent.

In order to verify that the interaction of the quasi-resonant
links in G, and series impedance resonance leads to the system
instability. Fig. 27 shows the experimental waveforms of the
SCS with no quasi-resonant links in G, (k, , = 0, n = 1,2,3)
when Cq. is 100 or 1000 pF. There are no divergent oscillations
in Upec, Uqde, and igey after the SVC input compensation, which
indicates that the system is stable. However, the system loses its
harmonic suppression capability with no quasi-resonant links in
Gy, which causes Ug. and igqc; containing abundant harmonic
components. As Cgq. increases, the harmonic contents of Uy,
and ig.; will decrease. The experimental results demonstrate
that the SVC adopts VCDL control inevitably leads to the dc
bus oscillation.

To show that increasing loop damping can effectively suppress
the effect of series impedance resonance on system stability.
Fig. 28 shows the experimental waveforms of the SCS with the
addition of the Ly series resistance R = 3 2 when Cqy. is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

e [30V/div] |

NNVVNAY ‘m\\ \\,\, ‘\‘\,\‘\f\\\\r\‘\\,\‘\.‘\r\f

Time:[lOms/d]lv ; ig1[SA/div]
(@)
I
I {
[ 1 [30V/div]
iy 3 !
/l
SVCacts : SRR
~Ug[30V/div] ¢

g [SA/diV] -

el | l
! Time:[10ms/div] |

(b)

Fig. 27.  Experimental waveforms of the SCS with no quasi-resonant links in
Gy. (a) Cqc = 100 pF. (b) Cqc = 1000 pF.

100 or 1000 p:F. After the SVC input compensation, the system
can operate stably, the dc bus voltage harmonics are obviously
suppressed, and increasing Cq4. can reduce the ripple of Uge.
The experimental results confirm that increasing loop damping
can suppresse the series impedance resonance, which can solve
effectively the problem of dc bus oscillation induced by SVC
with VCDL control. So, the experimental results are consistent
with the analysis conclusions in Section III-C.

B. Validation of System Characteristics When the SVC Adopts
Proposed IOVCC Control

To illustrate the effect of IOVCC control on system stability,
Fig. 29 shows the experimental waveforms of the SCS with the
IOVCC control when Cq. is 100 pF. It can be seen that the
system can operate stably after the SVC input compensation,
and the pulsation of the iq.; is significantly suppressed and the
ripple of the Uy is reduced. This indicates that the proposed
IOVCC control strategy can ensure stable operation of SCS by
optimizing the output impedance characteristics of SVC.

In order to further illustrate the suppression effect of [IOVCC
control on dc bus oscillation, the U4, harmonic contents before
and after SVC input compensation for the different operating
conditions mentioned above are compared, as shown in Table I'V.
From the data in the Table, it can be obtained that the SCS
is stable when C4q. = 0 uF, however, the THD of Uy, is still
large due to limited harmonic compensation capability of SVC.
Hence, the small dc bus capacitors are needed to stabilize the
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COMPARISON OF DC BUS VOLTAGE HARMON’II“?ECH(;]I::I;;\ITS FOR DIFFERENT OPERATING CONDITIONS
System/Use . 6™ (%) 12" (%) 18" (%) THD(%)
Conditions Stability off on off on off on off on
Cae=0 uF VCDL Yes/Yes 6.05 1.24 1.55 0.49 0.62 0.50 6.32 1.57
VCDL No/No 9.31 1.81 1.41 10.9 0.24 0.28 9.43 11.2
C1e=100 1F VCDL/k: =0 Yes/No 9.31 7.94 1.41 2.11 0.24 0.29 9.43 8.24
VCDL/RL:=3Q | Yes/Yes | 444 | 0.83 | 074 | 031 | 022 | 025 | 451 | 093
Iovcc Yes/Yes 9.31 0.41 1.41 0.08 0.24 0.05 9.43 0.43
VCDL No/No 2.51 178 | 0.19 | 0.17 | 0.03 | 0.06 | 2.53 1.79
Cic=1 mF VCDL/k: w=0 Yes/No 2.51 2.25 0.19 0.17 0.03 0.03 2.53 2.26
VCDL/R1,=3Q Yes/Yes 0.68 0.17 0.08 0.04 0.02 0.03 0.69 0.19
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Fig. 28. Experimental waveforms of the SCS with the addition of Rr,» = 3 Q.
(a) Cqc = 100 pF. (b) Cqc = 1000 piF.

voltage ripple. Unfortunately, when there are dc bus capacitors,
the SVC with VCDL control will inevitably lead to dc bus
oscillation, which can not satisfy power supply requirements.
As the capacitors increase, the dc bus voltage oscillation is
mitigated, but this does not satisfy the design goals of SCS. By
adding the loop resistor Ry,5 = 3 §2, the SCS is stable and the THD
of U4, meets requirements. When SVC adopts IOVCC control,
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~Urec[30V/div]

~Ug[30V/div]

N N N

Time:[4ms/div]

g [SA/div]

Fig. 29.  Experimental waveforms of the SCS with the IOVCC control when
Cqc = 100 pF.

the SCS can operate stably, and only a small capacitor is needed
to make the THD of U4, meet requirements. The experimental
data confirm the accuracy of the SCS stability analysis and verify
the effectiveness of IOVCC control strategy.

Fig. 30 shows the load transient dynamic experimental
waveforms with IOVCC. To verify the effect of command
compensation link on SVC output impedance, an comparative
experiment is performed. The dynamic waveforms of adding
only Z,;, g are shown in Fig. 30(a). As seen, when the load is
stepped up from 30% to 100%, the undershoot of Uy, is about
18 V, and the recovering time is about 80 ms. The dynamic wave-
forms of adding Z;, p are shown in Fig. 30(b). The undershoot
of Ug. is also about 14 'V, and the recovering time is reduced to
20 ms.

Fig. 31 shows the source voltage e, transient dynamic exper-
imental waveforms with IOVCC. When e drops by 10%, The
Ug. will follow the e to reach a new steady state, thereby ensur-
ing the SVC barely takes on active power transfer. The dynamic
waveforms for adding only Z,;, g is shown in Fig. 31(a), the
recovery time required for dynamic process is about 170 ms. The
dynamic waveforms of adding Z;;, p is shown in Fig. 31(b), the
recovery time required for dynamic process is reduced to 40 ms.

Comparing Figs. 30(b) and 31(b) with 30(a) and 31(a), it can
be seen that the parallel connection of Z;, p to the outputof SVC
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Fig. 31. Source voltage dynamic experimental waveforms of the IOVCC.
(a) Only add Zy;; s. (b) Add Zyi; s and Zyir p.

effectively reduces the impedance of SVC at low frequency and
improves the dynamic performance of the system compared to
introducing only Z;, s. The experimental results are consistent
with the theoretical analysis in Section IV.

Fig. 32 shows the ratio of the loss caused by SVC to total
power of the system, it is clear that the added SVC based
on partial-power compensation has little effect on efficiency
advantage of DR. This also verifies that although the series
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structure allows SVC to flow through full load current, this
partial power structure still has efficiency advantages due to
the lower voltage levels and using smaller on-state resistance
MOSFETS that can significantly reduce device losses.

VI. CONCLUSION

Impedance-based stability assessment methodology cannot
succinctly judge the stability of SCS. In this article, the stability
is analyzed based on the common characteristics of SCS, and
the dc bus oscillation mechanism is discussed in detail. Then
some conclusions can be obtained as follow.

1) The stability of the SCS can be judged by the common
transfer function characterizing whole system, which is
derived by calculating the input—output transfer functions
of the unified form two-port small-signal model regardless
of the coupling relationship between the parts.

2) According to the frequency characteristics of the equiva-
lent loop gain, the dc bus oscillation is caused by the inter-
action of series impedance resonance and quasi-resonant
links in G, and the stability results are consistent for the
two methods.

3) The SVC adopts VCDL control, there is a contradiction
between system stability and harmonic suppression capa-
bility, which will inevitably lead to dc bus oscillation, and
system stability can be improved by adding loop damping.

4) The IOVCC control strategy solves dc bus oscilla-
tion by reshaping SVC output impedance. A series-
virtual-impedance ensures system stability by adding
loop damping, and a parallel-virtual-impedance improves
dynamic performance by reducing impedance at low
frequency.

5) The virtual impedances are achieved through state
variable feedback, the straightforward controllers and
the parameters design are applied to optimize system
operation.

Finally, a 2 kW experimental prototype was developed and
tested. The experimental results verified the accuracy and effec-
tiveness of the proposed stability analysis methods and control
strategy.

APPENDIX

The expressions of open-loop transfer functions of the SCS
mentioned in Section III is shown in Table V, where Zcs =
1/(sCs). In order to verify the accuracy of the simplified model
of the SCS, simulation sweep is performed for all the transfer
functions in Fig. 6. The bode diagrams of the open-loop transfer
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EXPRESSIONS FOR OPEN-LOOP TRANSFER FUNCTIONS FOR COMPLETE AND SIMPLIFIED SCS SMALL-SIGNAL MODELS

TABLE V

Transfer function

Simplified transfer function

Zoe( Zur+ Zco+ D* Zes) + N* (Zu + Zeo)(Zes + Zunc) + D*N* ZesZive
(Zi2+ Zeo+ Zac+ Z.:)I:szLl(ZCs +Zuc)+ DzszC&ZLLC:'

+Zae Zia+ Zeo+ Zs)(Zin+ D* Zes) + N* Zeo Zua + Zae + Zs)(Zes + Zuic)
+ZcoZao Zi2+ Zs + 2DNZcs)

Zu+ Zco
(Zu+ Zeo)(Zia + Zac+ Zs) + ZiiZco

N*Zae[ (Zur+ Zoo)(Zes + Zia) + D* ZesZurc+ DZeoZesIN |
(Zuo+ Zeot Zaet 2| N*Zu(Zes + Zuc) + DN ZeZunc |

+ 20 Zuz + Zeo+ Zs)(Zir+ D’ Zes) + N* Zeo Zua + Zac + Zs)(Zes + Zuie)
+ZcoZao(Z12+ Zs + 2DNZcs)

Zae( Z1+ Zco)
(Zu+ Zeo)(Zi2+ Zac+ Zs) + Zin Zco

NUcZeo Zes+ Ziic) + ZosZae| Nli(Zun+ Zeo) + D(lor Zeo = NUG)|
+Zco(UcsZae+ N*Dlser ZesZuic)

(it Zoo+ Zac+ Zo)| N*Zui(Zes+ Zuac) + DN ZeZince |

FZal(Ziz + Zeot Z5)(Zus + DPZes) + N*Zeo Zia + Zao + Z9)(Zes + Zuic)
+ZcoZa( Z12+ Zs+ 2DNZcs)

Ucs Zco

(Zu+ Zeo\Zia+ Zac+ Zs) + Z1nZco

NEZuc[(Zu + Zco)(Zes+ Zuc) + D* ZeZiie + DZCoZL\/N]
(Zia+ Zoot Zac+ Z)| N*Zun(Zes + Zuae) + DN ZesZac |

VZu(Ziot Zeo+ Z)(Zur+ D*Zes) + N*Zeo Ziz + Zoe + Z6)(Zes + Zic)
+ZcoZa( Zi2+ Zs + 2DNZcs)

Zao( Zi1+ Zco)
(Zu+ Zeo)(Zio+ Zac + Zs) + ZuiZoo

NZao[ (Zuo+ Zoo+ ZeN(Zui(Zes + Zuc) + D*ZeiZine) + Zeo Zos+ Zuc )22+ Z5) |

(Zia+ Zeo+ Zuc+ )| N*ZuZes+ Zune) + DN ZesZnc |

+Zae( Zua + Zo+ Z)(Zu1+ D* Zes) + N* Zeo Zia + Zae + Zo)(Zes + Ziic)
+ZcoZoe( Zi2+ Zs+ 2DNZcs)

Zao| (Zur+ Zeo)(Zuz + Zs) + ZuiZco)
(Zu+ Zeo)(Ziz+ Zac + Zs) + Zu1 Zco

| o2+ Zoo Z)(DUes— Laon) ~ e Zen( 21z + 20
e
+NZco(Ucs(Zes + Zirc) + DlaerZesZiic)

(Zia+ Zeo+ Zuc+ Z0)| N*Zun(Zes+ Zuuc) + DN ZeZuuc |

+Zac( Z2+ Zeo+ Zs)(Zur+ D* Zes) + N> Zeo( Zia + Zae + Zo)(Zes + Ziic)
+ZcoZae( Z12+ Zs + 2DNZcs)

Ucs ZacZco

(Zur+ Zeo)(Zi2+ Zac + Zs) + ZuiZco

Zeo| N*Zu(Zes+ Zuac) + D* Zes(Zoe+ N*Zuic) + Zae( Zu+ DNZes) |
(Zia+ Zeo+ Zac+ z)[NEZLy(ZL-a +Zic) + DZNZZCZLL(]

+Zae( Zia + Zco+ Z)( 21+ D* Zcs) + N* Zeo( Zia + Zae + Ze)(Zes + Ziic)
+ZcoZae Zia + Zs + 2DNZcs)

ZuZco

(Zu+ Zeo)(Zia+ Zac + Zs) + ZuiZco

NZeoZu| NZuZes + Zuac) = DZes(Zia+ Ze) + D NZeZuc |
(Zia+ Zeo+ Zac+ z)[NEZLy(ZL-a +Zic) + DZNZZCZLL(]

+Zae( Zia+ Zoo+ Zo)(Zun+ D Zes) + N* Zeo Zua + Zoc + Z:)(Zos + Ziic)
+ZcoZae( Zi2 + Zo+ 2DNZcs)

ZuiZseZco
(Zu+ Zeo)(Ziz+ Zac+ Zs) + ZiiZco

N?*(Zi2+ Zae + Zs)(Dlsar ZesZiic + Ues(Zes + Zuic)) + UesZao( Zia + Zs)}

Co
+ZcZae(Dlici(Zi2 + Zo) + N(DUcs — L1 Z11))

(Zu+ Zeot Zic+ Z)| N*ZuZes + Zunc) + DN ZeZuuc |

20 Ziz+ Zeot+ Zo)(Zur+ D*Zes) + N> Zeo( Zua + Zac+ Zo)(Zes + Zinc)
+ZcoZue( Zi2+ Zs+ 2DNZcs)

Ucs Zeo( Zi2 + Zac + Zs)
(Zu+ Zeo)(Zi2+ Zac + Zs) + ZuiZoo

Zae( Zco— DNZcs) + N* Zeo( Zes + Ziic)

(Zia+ Zeo+ Zue+ 20)| N*Zun(Zes+ Zuc) + D*N*ZesZnc |

+Zac( Zi2+ Zeo+ Z)(Zun+ D* Zes) + N> Zeo Zia + Zae + Zo)(Zes + Ziic)
+ZcoZao(Zi2+ Zs + 2DNZcs)

Zco

(Zu+ Zeo)(Zi2+ Zac + Zs) + Zin Zco

NZue| DZe(Zi2+ Zeo + Z) + NZeo( Zes + Zuic) |

(Zi2++ Zeot Zac+ Z)| N* i Zost Zuac) + DN ZeZuc |

+Zae(Zi2+ Zeo+ Z3)(Zin+ D*Zes) + N> Zeo Zia + Zae + Zo)(Zes + Ziic)
+ZcoZao(Zi2+ Zs + 2DNZcs)

Zac Zco

(Zu+ Zeo\Zia+ Zac+ Zs) + Z1nZco

Definition

Aidei(s)
)’I“ =

(S ) Aeus(s)
Aigei(s)
Ai(s)=——"=

(s) Aio(s)
_ Aia(s)

Gia(s) = Ad(s)
A=5020)
Aens(s)

Zo(s) = Aio(s)
Gu(s) = SvTeh
Ad(s)
~ Auc(s)
Guer(s) = Aens(s)
Auc(s)

Guei(s) =

(5) Aio(s)

_ Auc(s)
Guaa(s) = Ad(s)
Giiv(s) = o
Aens(s)

Gii(s) = e

Aio(s)

_Air(s)

GiLa(s) = Ad(s)

N*(Zia+ Zeo + Zse+ Z3) | Ues(Zes + Zurc) + Dl Ze-Zuvc|
+Zae(Zia + Zeo+ 7)[Ues + DlscrZes] + Nloa ZeoZesZe

(Z2+ Zco+ Zac+ Zs)[NZZLl(ZCs +Zuc) + DZN:ZCSZLLC:I

+Zi(Zuz+ Zeot+ Zs)(Zu+ D*Zes) + N* Zeo( Zua + Zae + Zs)(Zes + Zuic)
+ZcoZoo(Z12+ Zs + 2DNZcs)

Ucs (Zi2+ Zco + Zac + Zs)
(Zui+ Zeo)(Ziz+ Zac + Zs) + Zi1 Zco

functions obtained from complete model, simplified model, and
simulation sweep are shown in Fig. 33. For A;, Ay, Z,, Gvd, Guci,
and Gjp,;, there are differences between the simplified model and
simulation sweep results at high frequency because of ignoring
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the Z1,1, ¢, and since the deviation at high frequency do not affect
the system stability, the Z; ;¢ can be neglected. For Giq, Gycv,
and GjLq, there are differences between simplified model and
simulation sweep results at low frequency because of ignoring
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the load current of LLC. As the LLC carries almost no power
and the system oscillation are not at low frequency, the load
current of the LLC can be ignored. The simplified expressions
of open-loop transfer functions is shown in Table IV.

The magnitude-frequency curve of the Gi, . mentioned in
Section IV is shown in Fig. 34. It can be seen that Gj, . is

approximately neglected compared to 1 in the series resonance
range.
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