1666

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 2, FEBRUARY 2017

DC-Link Stability Analysis and Controller Design
for the Stacked Polyphase Bridges Converter

Mojgan Nikouie, Student Member, IEEE, Oskar Wallmark, Member, IEEE, Lebing Jin, Student Member, IEEE,
Lennart Harnefors, Senior Member, IEEE, and Hans-Peter Nee, Senior Member, IEEE

Abstract—The stacked polyphase bridges (SPB) converter con-
sists of several submodules that all are connected in series to a
voltage source. The total dc-link voltage should split in a balanced
way among the submodules. This does not always occur inherently.
This paper presents an analysis of the capacitor voltage stability
for the SPB converter. From the analysis, criteria for stability are
derived and three alternatives of a suitable balancing controller are
designed. The proposed controller alternatives and their associated
stability properties are verified on an experimental setup and by
simulation.

Index Terms—Balancing control, dc-link stability, integrated
electric drive, modular converter.

I. INTRODUCTION

In recent years, modular and multilevel converters have be-
come popular in different low- and medium-voltage applications
[1]-[10]. Applications include drives for electric vehicles (EVs)
and hybrid electric vehicles (HEVs) [3]-[5]. Integration of the
power converter and the electric machine into one single unit
brings several advantages for electric drives. An integrated elec-
tric drive generally has less amount of cabling, provides size and
weight reduction, and also reduces electromagnetic interference
compared to a nonintegrated solution [11].

The stacked polyphase bridges (SPB) converter is a type
of modular converter that was introduced recently [5]-[8].The
combination of the SPB converter and a fractional concentrated
winding machine allows for a very compact integrated electric
drive, which is attractive for EVs and HEVs [12].

Fig. 1 shows the SPB converter topology. As illustrated, it
is comprised of several submodules that are connected in se-
ries. Each submodule is a two-level, three-phase converter with
low-voltage components, such as low-voltage metal-oxide—
semiconductor field-effect transistors (MOSFETs) with a very
high switching frequency (in the range of 100 kHz). This allows
the SPB converter to use very small, low-voltage film, or possi-
bly ceramic, capacitors. Consequently, they occupy less space,
enabling a compact converter—machine integration.
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Fig. 1.

Since the capacitors are connected in series, the capacitor
voltages need to be balanced in order not to give an uneven
voltage stress on the submodules. In the motoring mode, bal-
ancing has to be made by means of control, as will shortly be
shown. In [6] (as well as in [10], [13]-[15] for related topolo-
gies), such balancing is discussed. In [6], it is demonstrated that
an active stabilization can be realized by adding increments to
the current-component references of each converter submodule.
In [7] and [8], dc-link controllers are designed and evaluated.

Despite this research effort, a comprehensive analysis of the
open- and closed-loop SPB dynamics for an arbitrary number
of submodules myy, has, to the best knowledge of the authors,
so far been lacking. The aim of this paper is to fill that void.
The contributions and outline of this paper are as follows. In
Section II, a dynamic model for the SPB converter is derived
and its open-loop stability properties are studied. Thereafter, de-
tailed designs and analyses of three alternatives of a balancing
controller are made. The benefits and drawbacks of the three
alternatives are clarified. Experimental and simulation results
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are presented in Section III. In addition, the impact of a non-
negligible submodule-to-submodule communication time delay
is studied in Section III. Finally, a conclusion is reported in
Section I'V.

II. ANALYSIS AND BALANCING-CONTROLLER DESIGN

The SPB converter is depicted in Fig. 1. It is equipped with
mgm series-connected submodules. Each submodule (generally)
consists of low-voltage components that are not able to sustain
the full voltage Ej,. Therefore, it is of essence that the voltage ),
is equally shared between the individual submodule capacitors,
i.e., the submodule capacitor voltages should be balanced.

In this section, a dynamic model for the SPB converter with
msm submodules is derived. Then, open-loop stability analyses
for the SPB converter with, first one submodule, and there-
after, several submodules, are presented. This is followed by
the introduction of three different alternatives for the balancing-
controller design together with their closed-loop system stability
analysis.

A. Dynamic Model

A model representing the capacitor-voltage dynamics for all
submodules is first derived. From Fig. 1, we have

dib . M sm
LbE:Eb—szb—;vk (1)

where Ey, iy, Ly, and R, are voltage, current, inductance, and
resistance of the voltage source, respectively, and vy, is the volt-
age across each submodule capacitor (k = 1,2, ..., mgy). Itis
expected that the inherent inductance in the conductors that con-
nect the voltage source to the converter will suffice; thus, L; is
typically small, in the range of microhenries. All submodule
capacitors are assumed to have the same capacitance C'. For
the kth capacitor voltage, with ¢ as the current into the kth
converter submodule, we have

dvy,
C% — iy — i )
If the converter losses of each submodule can be neglected,
then ¢, can be expressed as

i = 2k 3)

Vg

where P, is the power into the load (which is equal to the power
into the kth converter submodule as well). Due to the nonlinear
term P /vy, (1)=(3) form a nonlinear system.

B. Open-Loop Stability

To start the analysis, the system (1)—(3) is expressed in state-
space form with x = [i, v vy ... vmm]T. We obtain

x =f (x) “)

1667

where

[ (Ep — Ryip — D02 vx) /L ]
(ib — Pl/Ul)/C

(ip — P2 /v2) IC . 5)

(ib - Pm,m/vmsm)/c J

To linearize (4), operating points and deviation quantities,
denoted, respectively, by the superscript x and the prefix A,
are introduced. As the aim is that each submodule should
get an equal voltage share, it is assumed that all submodules
have the same active-power operating point, i.e., Pj = Py =
<= Py = P*. This gives i, = i; + Ay, vp = v* + Ay,
and P, = P* + AP;. Substituting these identities for i, vy,
and P into (4), we get the following two relations for the oper-
ating points:

_ B -Ri B ©

msm msm
P*

v*

*

i

(N

where Ryi; < FEj is used in the approximation in (6). By substi-
tuting vy, = v* + Avy and P, = P* + AP, into the nonlinear
relation P, /vy, it can be linearized as

P, P*+AP, P 4+AP
v v+ Ay, v (14 Avg Jvr)
(P*+ AP,)(1 — Avg Jv*)

/U*
P* + AP, — P*Avy Jv*

/U*

Q

®)

Q

Now, (8) is substituted into (4). This gives a linear state-space
model

Ax = AAx + BAu 9)
where

Ax = [Aiy Avy Avy -+ Avmsm]T

Au=[AP AP, --- AP, _]". (10)
The (mgm + 1) X (mgy + 1) matrix A and the (mgy, + 1) X

mgm matrix B are given as

LR
L, L L
l} S Ob
A=| C Cv? (11)
1 P
— 0 o
L C Cv*2 |
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C. Open-Loop Stability for mgy, = 1

For the special case mg, = 1, the topology is comprised of a
single three-phase two-level converter. In (11), A reduces to

R 1
A=| b D (13)
C  Cu*2

Stability is recognized by the characteristic polynomial
c(s) = det(sI — A), which from (13) is found as

R, P 1 PR
6(5)52+(L:}7CU*Q>3+LbC <1 W*’). (14)

Using the Routh—Hurwitz stability criterion, asymptotic sta-
bility is obtained when all coefficients of ¢(s) are positive. For
(14), this holds for

Ry, P
Lb CU*2
If in (15), P* < 0, i.e., generating mode, stability is always
maintained. However, if P* > 0, the stability criterion may not

always be fulfilled. This case is studied in [16], where a method
for closed-loop stabilization is proposed.

_ P'Ry

7 > 0.

>0, 1 (15)

D. Open-Loop Stability for mgy, > 1

The general case with mg, number of submodules is now
considered. From (11), the characteristic polynomial can be
found as

P* Msm—1
C(S) = (S — GU*Q)

e (B PN L (PR
Ly, Cuv*? L,c \'""™" v*2 '

(16)

This polynomial has a second-degree factor, of which (14) is
a special case for mg, = 1. The coefficient for s in the second-
degree factor of (16) may turn negative for P* > 0. This corre-
sponds to an instability mode that affects all submodule voltages
in a similar manner. This instability mode thus affects the fotal
dc-link stability and gives exponentially growing oscillations of
approximately the angular frequency

1 P~ Rb Msm
¥ ~ msm - T 9 ~
L,C v*2 L,C

i.e., the natural angular resonant frequency of the circuit. In ad-
dition, there are mg, — 1 identical first-degree factors in (16),

a7
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which give right-half-plane eigenvalues for P* > 0. These in-
stability modes affect the submodule dc-link stability, i.e., the
balancing of the individual capacitor voltages. Because the
eigenvalues are located on the real axis, these instability modes
are exponentially growing without oscillations.

It can be concluded that, for mg, > 1, the system is always
unstable in the motoring mode and closed-loop stabilization
(balancing) is necessary. On the other hand, in the generating
mode, i.e., P* <0, the open-loop system is asymptotically
stable.

E. Power to the Load (Machine)

As shown in Fig. 1, each submodule is connected to one
set of three-phase windings of the load. A permanent-magnet
synchronous machine (PMSM) with identical parameters for
each set of three-phase windings is considered here as load. For
the design and analysis of the balancing controller, it is vital
first to obtain a linearized expression for the active power to the
load.

If the submodule converter losses are neglected, the input
power of each submodule is equal to the input power of the
corresponding set of three-phase windings. With this approxi-
mation, the input power to submodule k& can be expressed as

3
2K

+ we(La — Lyg)ia ik }

Pk' = |:R:’ (Z?lk + Z‘;k) + Wewmiq,k:

(18)

where 74 ;. and i, j., respectively, are the d- and g-direction cur-
rent components of the kth winding, R, is the stator resistance,
¥, 1s permanent-magnet flux linkage, L; and L, respectively,
are the d- and g-direction inductances, w, is the electrical rotor
speed, and K is the space-vector scaling constant (K = 1 gives
the amplitude-invariant transformation often used in control of
PMSM drives).

Remark 1. The PMSM model can account also for a syn-
chronous reluctance machine by letting v, = 0. With v, as
the rotor-flux linkage, it can account for a rotor-flux-oriented
induction machine by letting L; = L, = L, where L, is the
total leakage inductance. By letting w, = 0, it accounts for a
resistive—inductive (RL) load.

Remark 2. Modular PMSM designs suitable for the SPB con-
verter topology are considered in, e.g., [12].

Equation (18) is now linearized. This is made by expressing
the current components as iq ;, = iq0 + Aiq and i, = iq0 +
Ay, ., where iqg and i, are the nominal values about which the
linearization is made, whereas Aéq ; and Ai, ;. are deviation
variables (increments from the nominal values). This yields

P =P + AP, (19)
where
* 3 ) ) .
P = ﬁ [R9 (Zd() +Zq0) "’-wewmzqo
+ we (Ld - Lq)idoqu ] (20)
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F. Balancing-Controller Design

As found in Section II-D, the dynamics of the submodule
capacitor voltages are open-loop unstable in the motoring mode
and need closed-loop stabilization. We, therefore, in the follow-
ing, use (21) to analyze the properties of three alternatives of a
balancing controller. In all three alternatives, an individual sta-
bilization term with a gain g is added to the current-component
references z“f and z‘ef for submodule k. The stabilization terms
for each submodule are made proportional to the individual volt-
age deviation from the reference voltage v, as (see Fig. 2)

-ref . .
ik = 1do + giao(Vk — Vrer)

ref

Ggk = %90 + gigo (g (22)

— Uref )

where 449 and 7,9, respectively, are set by the flux and torque
controllers. These values are common for all submodules. Each
submodule has a dedicated current controller, with z““f and z”f
as inputs along with locally obtained machine stator-current
measurements. Local measurement of v;, with minimal time
delay, is used as well. Finally, the definition of vf is

vy /Msm, for controller alternative I
Uref = § Fp/mgm, for controller alternative I (23)
vy f /Mgm, for controller alternative III
where vy, = Y /"% v), and vy ¢ is a low-pass filtered variant of

vy. The details for these controller alternatives are presented in
the following.

1) Controller Alternative I: This controller alternative was
previously proposed in [17]. It is an extension of the controller
presented in [16] that accounts for the modular nature of the
SPB converter topology.

Assuming that the current control is made with high ac-
curacy and bandwidth so that i4 ;. = i k and ig ) = z”d,fC can
be assumed, then Aigj = gzd()( v — Uy /Mgm) and Azq B =
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giqo (Vr — vs /Mgem). Substitution into (21) yields
3
AP, = Vel 2R, (zdo + zqo) + Wem iq0
+ 2we (Lg — Lg)iaotqo } g(vy — vs; /M)
= ¢'(vr — vs /Mgm) (24)
where from (20), it follows that:
30.)”(/) ) 0
g opx — Zermay ) 25
g9=9 ( 5K? ) (25)

The impact of (24) on the system stability can be analyzed
in two steps. First, the dynamics of the second-order system
that is formed by state variables ¢, and vy, i.e., the total dc-
link stability, is considered. Thereafter, the dynamics of the
individual voltages v;, are considered, i.e., the submodule dc-
link stability. To this end, vy, = ;" vy, is introduced in (1),
and (2) is summed from k = 1 to k = myy, giving

diy .
Lb i = Eb - Rblb — Uy (26)
dt
d M sm
% - msmib - Z ik
k=1
M sm P
= Mgy — Y —. 27)
Uk
k=1
Equations (26) and (27) are linearized using (8) as
dAiy .
L[, i = 7RbAZ[, — AUZ (28)
dt
dAUg . on Apk — F)*AU]C /7}*
C T MemA\iy — Z o
k=1
P Avy  (RAPB
— Ml + ——e =Y =R (29)
k=1 v
where Avy, = ) "™ Avy. Substituting (24) into (29) yields
dAv P*AU v — Us/m.
C dtZ —msmAZb+ N Zg k Z/ sm)'

(30)

Because the terms in (30) that are proportional to ¢’ sum up to
zero, the characteristic polynomial of (28) and (30) is identical
to the second-degree factor of (16), i.e.

Ry P 1 P*Ry
2 I L oy
s+ (Lb C’v*2> s+ T.C <m5m e ) 31D

Total dc-link stability, i.e., asymptotic stability of the system
(28) and (30), is achieved when all the coefficients of the char-
acteristic polynomial are positive. This means that the following
inequalities must hold:

B P
Lb C’U*2

P*R,

’U*Q

>0, Mem — > 0. (32)
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The right-hand inequality usually holds, because Ry is gener-
ally small. On the other hand, a small R;, may cause a problem
in the left-hand inequality. A sufficiently large capacitance is
needed for the left-hand inequality to hold, i.e.

P*L,
v*2 Rb '

It can be noted that a small inductance L; (i.e., the inherent
source inductance) is beneficial, as it permits a smaller capaci-
tance.

The submodule dc-link stability, i.e., the dynamics of the in-
dividual capacitor voltages vy, k = 1,2, ..., mgy, iS NOW con-
sidered. Substituting (8) into (2) yields the linearized equation

(33)

dAwv;. AP, — P*A *
c8% _ ngy — 27K Ue/V" (34)
dt v*
Further, substituting (24) into (34) gives
dA I P* /oyt /
% _ Agy, - Y M A+~ Avs. (35)
dt v* MgmV*

The variables Ad, and Avy, which act as input signals to
(35), come from the total dc-link subsystem, i.e., (28) and (30).
This subsystem, which is asymptotically stable provided that
(33) is fulfilled, on the other hand does not have Awv,, k=
1,2,...,mm, as explicit input signals. That is, the total dc-link
subsystem feeds into the submodule dc-link subsystems, but not
vice versa; a closed loop is not formed. Consequently, (35) is
asymptotically stable when

P
v

Let us express this stability condition in g. For this purpose,
it is convenient to express g in the dimensionless parameter -,
as follows:

Y Msm

g:vi*NPYEb'

(37

Using (25), this parameterization allows the condition g’ >
P* /v* to be expressed as
P*

S .
v 2P* — 3w, Z.fzo/(ZKz)

(38)

Here, two special cases can be identified:
1) for a machine load with negligible reluctance torque and
negligible losses, P* ~ 3w, iqo/(2K2), we gety > 1;

2) for an RL load, we have 1), = 0, giving v > 0.5.

2) Controller Alternative II: For the controller alternative I,
the minimum capacitance requirement (33) must be observed
in order to obtain stability. This may be a drawback. Even if
a smaller capacitance than (33) would be sufficient from other
aspects, such as harmonics, still a larger capacitance is required
to maintain stability. As will shortly be shown, the controller
alternative IT does not have that drawback. Since v* ~ E}, /mgp,
(22) with vyt = Ej/mgsm can be expressed as

ref . .
iy = 1do + gido Avy

i) = iq0 + gigo Avy (39)
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where Avp &~ v, — By /mgy,. Again assuming that the cur-
rent control is made with high accuracy and bandwidth so

that 74 = Zéeg and iq’k = de]fc, then Aid’k = gid()A’Uk and

Aig . = gigoAvy. Substitution into (21) yields
3 .2 .92 .
A-Pk = ﬁ [ 2R5 (zd() + 1q0 ) + wewm 240

+ 2we (Ld - Lq)idoiqo gA”U],«,

= ¢'Auy (40)

where ¢’ is given by (25). The total dc-link stability properties
that result from the controller alternative II are analyzed by
substituting (40) into (29). Together with (28), this yields

dAi
L, 22— Ry Aiy — Avy, (41)
dt
dAwvs, . P*Avy, <= ¢'Auy,
C—= = mumli, + — —; — @)
e
g Avs, Jv*

The characteristic polynomial of (41) and (42) is given by

R, P*—gv* 1 Ry (P* — g'v*)
2 Iy U —gvr)
s <Lb C’U*2 S LbC MTlsm ’U*2 '

(43)

This is different from the characteristic polynomial (31) that
results from the controller alternative I in the sense that terms
proportional to ¢’ are present. That is, the balancing controller
affects also the total dc-link stability. Asymptotic stability of the
system (41) and (42) is achieved when the coefficients of (43)
are positive, i.e., for

Rb P* — g’v*

Ry (P* — g'v*)
L, owr 70 w20
(44)

The right-hand inequality usually holds, because I, is gener-
ally small. On the other hand, a small R, may cause a problem
in the left-hand inequality. A sufficiently large ¢’ is needed for
the first inequality to hold, i.e.

’ P*Lb—’U*QRbC - P*

g > T ~ (45)

With the approximation, this is the same stability condition
as (36) for the submodule dc-link stability of the controller al-
ternative I. The submodule dc-link stability properties for the
controller alternative II can be shown to be the same as for the
controller alternative I. Consequently, both total and submodule
dc-link stability is obtained provided that (36) is fulfilled, irre-
spective of the dc-link capacitance C'. It should be noted that
v* & E}, /mgpy, is used in the control law, which implies that E},
needs to be measured. This is the drawback of the controller
alternative II.

3) Controller Alternative I1I: The benefit of the controller
alternative I, i.e., avoidance of measurement of £}, can be com-
bined with the benefit of the controller alternative II, i.e., no
minimum value for the dc-link capacitance. This is achieved
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Fig. 3. Nyquist curves for (solid) the controller alternative III and (dashed)
controller alternative I.

by letting vyef = vy 7 /Msm in (22), where vy ; = H(s)vy and
H(s) is a low-pass-filter transfer function in the differential
operator s = d/dt.

A first-order filter H(s) = o /(s + ay) is adequate. If the
bandwidth o is made significantly lower than the angu-
lar resonant frequency of the circuit, i.e., ay <\/mwu /(L,0),
then resonant-frequency oscillations will be suppressed and
vy y =~ k. That is, the controller alternative III has dynamic
properties similar to the controller alternative II. This alternative
is useful in situations where it is desired to have a capacitance
smaller than that given by (33) while measurement of Ej, is not
feasible.

The submodule dc-link stability properties resulting from the
controller alternative III can be shown to be the same as for
the controller alternative I. The total dc-link stability properties
can, as previously, be analyzed via a linearized second-order
subsystem comprising the state variables Aij, and Avy,

N

Lb ddth == —RbAib - sz (46)
A P*A /

Cddz’z = MmamAiy + U*ZUE - 5—*[1 — H(s)|Avs. (@7)

Equations (46) and (47) can equivalently be expressed as the
negative-feedback system

Avy = —G(s)Avy (43)
where
_ 1 1 P gy

The stability of (46) and (47) can, thus, be analyzed by ap-
plying the Nyquist criterion to (49). Let us, as an example,
consider a system with the parameters mg,, = 4, L, = 2 mH,
R, =1.15Q, C =100 uF, P* =100 W, v* =25V, w, =0,
and v = 1. For these parameters, (33) does not hold, i.e., the
controller alternative I would give instability. The solid Nyquist
curve in Fig. 3 is that obtained for the controller alternative III

with H(s) = ay /(s + af) and af = 0.1y/m./(L,0). It does
not encircle —1, so stability is obtained. On the other hand, the
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Three-phase connector

Capacitors

Fig. 4. Experimental setup: (a) SPB converter with four submodules con-
nected to an R L load. (b) One submodule structure.

dashed Nyquist curve, which is obtained for H(s) = 1, i.e., for
the controller alternative I, encircles —1.

III. EXPERIMENTAL AND SIMULATION RESULTS

The experimental setup that is shown in Fig. 4(a) comprises
an SPB converter with myg,, = 4 submodules, where each phase
leg of every submodule is connected to an individual RL load.
Each submodule is constructed on a printed circuit board (PCB);
see Fig. 4(b). Voltage Ej is supplied by a variable dc voltage
source.

Each submodule is designed as a 100-V, 20-A, two-level,
three-phase converter with a dc-link capacitor of C' = 100 uF.
The capacitors are film type and surface mounted. The source
inductance is very small, L, ~ 8 pH, whereas R, ~ 0.35 (2.
Consequently, (33) for the controller alternative I is fulfilled.
Each PCB has one digital signal processor (DSP)—of type
TMS320F2806x MCUs—to control the switching signals and
to handle the communication. The serial peripheral interface
(SPI) bus protocol is chosen for the communication. The
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Fig.5. Experimental results for the controller alternative I, submodule dec-link
stability. (a) Submodule capacitor voltages. (b) Variation of . (c) One phase
current (7,1 ) of each submodule.

information between the four submodules (e.g., dc-link volt-
ages) is transmitted through the SPI bus that is coupled to the
DSP. One submodule operates as master and the others op-
erate as slaves. In addition, the switches are MOSFETSs with a
20-kHz switching frequency. Finally, there are three current sen-
sors on each PCB to measure the phase currents and the dc-link
current.

All the submodules are designed so that they can operate
as both master and slave. In the case of a fault on the master
submodule, one of the slaves can switch to operate as master. In
the other words, the control system has the potential to be fault
tolerant.

Remark 3. In the case of a fault on one submodule, that sub-
module must be short circuited because of the series connection.
(The submodules thus must have a voltage rating sufficient to
withstand the increased voltage when changing from myg,, to
msm — 1 series-connected submodules.) To safely create this
short circuit is difficult and will be studied further in future
research.

A. Submodule DC-Link Stability

To start with, the submodule dc-link stability is examined re-
garding the criterion (38). As explained in Section II-F1—since
there is an RL load—for v < 0.5, submodule dc-link stability is
lost, whereas for v > 0.5 asymptotic stable is obtained. This is
verified by ramping ~ up and down between the extreme values
0.25 and 1.5. The result shown in Fig. 5 agrees well with the
theory.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 2, FEBRUARY 2017

[CRENS
!

|

L

Vel V2, Ve3s Vced [V] 7"&1’ ia?a ia?)s ia4 [A]

Fig. 6. Experimental results for the controller alternative I, total dc-link sta-
bility. (a) Submodule phase currents. (b) Submodule capacitor voltages.

B. Total DC-Link Stability

In order to violate the stability condition (33) for the con-
troller alternative I, testing its practical validity, a relatively
large air-core inductor, with a 2-mH inductance and a 0.8-€2 in-
ner resistance, is installed in series with the inherent inductance
of the source, giving L, ~ 2 mH and R; ~ 1.15 . Together
with P* = 100 W and v* = 25V, (33) gives a minimum capac-
itance of 278 uF for stability. Since C' = 100 uF, an unstable
system would be expected.

Experimental results with the controller alternative I are
shown in Fig. 6. For ¢t < 0.1 s, the stability condition (33) holds.
Att = 0.1 s, the current is increased and (33) is violated. Thus,
instability would be expected for ¢ > 0.1 s, but as can be seen,
the system yet remains stable. (The steady-state deviations that
can be seen in Fig. 6(b) are due to slight individual differences
between the submodule components.)

The reason for the better result than expected of the controller
alternative I may be somewhat surprising. There is a relatively
large time delay 7y ~ 0.5 ms in the SPI communication between
the submodules. This time delay can be modeled as the controller
alternative II1 with H(s) = e~*7¢. Similarly to the situation
when H () is chosen as a low-pass filter, the time delay improves
the total dc-link stability properties. This claim will now be
verified.

The system is simulated with the same parameters as in the
experiment. In addition, switch-over to controller alternative
II with H(s) = ay /(s + o), oy = 400 rad/s, is made at t =
0.15 s. The results are shown in Figs. 7 and 8, without and with
time delay, respectively. As can be seen, the system without
time delay turns unstable at ¢t = 0.1 s (growing oscillations of
the natural resonant frequency appear), but it regains stability
when the controller alternative III is switched in. The system
with time delay is stable for all the operating conditions.

In addition, verification can be made by applying the Nyquist
criterion to (49) for, respectively, H(s) = e *7¢ and H(s) = 1.
As Fig. 9 shows, the Nyquist curve in the system with time delay
does not encircle —1.

Finally, Fig. 10 shows the correspondence to Fig. 6 for the
controller alternative II. For unrelated reasons, the power supply
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Fig. 7. Simulation results for the controller alternatives I ({ < 0.15 s) and III
(t > 0.15 s) without time delay, total dc-link stability. (a) Submodule phase
currents. (b) Submodule capacitor voltages.
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Fig.9. Nyquist curves for the controller alternative I (solid) with and (dashed)
without time delay.

is in this case a six-pulse diode rectifier. Due to its commutation
voltage drop, all submodule voltages reduce following the power
increase that occurs at ¢t = 0.1 s. Otherwise, the results are very
similar to Fig. 6. The system is stable, as predicted by the theory.
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Fig. 10. Experimental results for the controller alternative II, total dc-link
stability. (a) Submodule phase currents. (b) Submodule capacitor voltages.

IV. CONCLUSION

This paper presented dc-link stability analyses and three alter-
natives for the balancing-controller design of the SPB converter.
The controller alternative I, which was previously proposed in
[17], was shown to have the drawback of a minimum capaci-
tance requirement for stability. This drawback was eliminated
in the controller alternative II, which on the other hand requires
source-voltage measurement. Both drawbacks were eliminated
in the controller alternative III.

Interestingly, the presence of a communication time delay
was in the experimental evaluation shown to improve the stabil-
ity properties of the controller alternative I, allowing a smaller
capacitance than the theoretical minimum. It was shown how
the stability impact of a time delay in the controller alternative I
can be analyzed using the Nyquist criterion.
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