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H*° Control of the Neutral Point in Four-Wire
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Abstract—Inverters used as the interface for a distributed gen-
erator in a three-phase four-wire system sometimes operate with
a large neutral current because of unbalanced loads and single-
phase (possibly nonlinear) loads. Voltage balance within the
dc-link of the inverter is important for proper operation of the
inverter, and the neutral current is a significant disturbance to
this. It is preferable to use fast acting control rather than dissi-
pative balancing or large-valued capacitors. This paper develops
a linear model of an actively balanced split dc-link and applies
H *° control design to provide high-bandwidth robust control. The
approach is developed for a conventional two-level inverter, but
it remains valid (without change) for a three-level neutral-point
clamped inverter. The controller achieves very small deviations of
the neutral point (better than 0.5 in 800 V) from the midpoint
of the dc source despite the large neutral current (32 Agrns).
The controller design is described and verified first in a PSCAD
simulation and second in experimental testing of a 30-kW 415-V
(line) inverter.

Index Terms—DC-AC power converter, dc-link balancing, four-
wire three-phase power system, H > control, multilevel inverter,
neutral line.

I. INTRODUCTION

HE dc-to-three-phase ac converters (inverters) have long

been used in motor-control applications and are now
becoming common as the interface between a dc power source
and ordinary ac consumer loads. This is true for uninterruptible
power supplies and for small distributed generation units which
are not natural 50- or 60-Hz sources. In some circumstances,
the inverter must supply a mixture of single- and three-phase
loads via a four-wire three-phase distribution network. The
traditional six-switch inverter must be supplemented with a
neutral connection. This neutral connection will carry the zero-
sequence current of the loads and will be composed of fun-
damental frequency imbalance current and the common-mode
triplen harmonics caused by nonlinear single-phase loads such
as simple diode rectifiers.

Manuscript received November 19, 2002; revised February 16, 2006.
Abstract published on the Internet July 14, 2006. This work was supported by
the EPSRC under Portfolio Partnership Grant GR/S61256/01.

Q.-C. Zhong is with the Department of Electrical Engineering and Electron-
ics, The University of Liverpool, Liverpool L69 3GJ, U.K. (e-mail: zhongqc @
ieee.org).

J. Liang was with the Department of Electrical and Electronic Engineer-
ing, Imperial College London, London SW7 2AZ, U.K. He is now with
the Faculty of Advanced Technology, University of Glamorgan, Glamorgan
CF37 1DL, UK.

G. Weiss, C. Feng, and T. C. Green are with the Department of Electrical and
Electronic Engineering, Imperial College London, London SW7 2AZ, U.K.

Digital Object Identifier 10.1109/TIE.2006.882014

There is also a need to provide a balanced neutral point for
three-level inverters using the neutral-point clamped topology
and, by extension, a need for balancing in higher level in-
verters based on the multipoint clamped inverter ([1]-[4] and
the survey paper [5]). Although not a focus of this paper,
the control techniques described could have applications in
multilevel inverters.

If the dc power source is able to provide several separately
regulated outputs, then balancing the dc-link of the inverter can
be given over to the dc source. However, it is more common for
the source to be a single dc voltage equal to the total voltage
required in the dc-link. It is common then to split the available
dc-link across several capacitors in a chain, and the challenge is
then to ensure that the voltage is equally shared. The sharing is
disturbed by the injection of current at intermediate points in the
chain (such as the injection of neutral current into the midpoint)
and by the overall variations of the dc-link voltage being
imposed across a chain of imperfectly matched capacitors.

If the neutral line current of a four-wire system has signifi-
cant low-frequency components, then the neutral-point voltage
(the midpoint of the capacitor chain) may deviate severely
from the true midpoint of the dc source. This deviation of the
neutral point may result in an unbalanced or modulated output
voltage, the presence of zero-sequence voltage components
and, hence, an even larger neutral current. Thus, the generation
of a balanced neutral point in a simple and effective manner has
become an important problem. Although dc to three-wire three-
phase electronic power converters have been widely studied in
recent years [6], [7], dc to four-wire three-phase converters have
received relatively little attention [8]-[10].

A straightforward way to provide balance of a split dc-link
is to use bleed resistors, as shown in Fig. 1(a). The resistors
correct long run imbalance in the capacitors and must be chosen
to draw enough current to do this without causing excessive
dissipation. The shorter term ripple of the neutral voltage can
only be addressed by increasing the size of the capacitors, and
this may require very large capacitors, if significant imbalance
is expected in the ac loads. It is considered that this topology
is not suitable for dc—ac converters which supply power to a
network containing single-phase loads. A split dc-link of this
form is used in four-wire active power filters, where rebalancing
of the imbalance is not attempted and the system is free of
dc components [11]-[12]. Some special pulsewidth modulation
(PWM) schemes have been developed for three-level converters
to balance the charging of the split link capacitors [3]-[14], but
these apply to multilevel converters which do not make external
connection to the neutral point (i.e., three-wire systems). In this
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Fig. 1. Conventional topologies for providing a neutral line. (a) Split
dc-link neutral connection. (b) A fourth-leg neutral connection used with three-
dimensional space-vector modulation.

case, if the load current contains some harmonics, the balance
cannot be maintained no matter how large the capacitors are, as
discussed in [13].

An established way to provide the neutral point for a four-
wire inverter is to add an additional fourth leg, called a neutral
leg to the conventional three-leg inverter [8], as shown in
Fig. 1(b). The space-vector-modulation (SVM) method has
been extended to cover the four-leg inverter [10] by considering
three-dimensional space vectors. An advantage of this approach
is that there is no requirement for a split (and balanced)
dc-link. In common with the three-leg SVM method, the four-
leg SVM method provides a 15.5% voltage magnitude advan-
tage over sinusoidal PWM (but as noted in [9], there are ways in
achieving this with PWM methods). There is, however, a poten-
tial electromagnetic compatibility (EMC) problem because the
dc-link is no longer ground referenced and is subjected to high-
frequency voltage transitions with respect to the system neutral.
In addition, the neutral leg cannot be independently controlled,
and the corresponding control design (including the PWM
scheme) becomes more complicated, as discussed in [10].

Instead of using a fourth leg to form the neutral point directly,
the leg can be used to actively balance a split dc-link, as shown
in Fig. 2. There are several advantages to this approach. First,
the phase legs and the neutral leg can be controlled indepen-
dently. Second, the majority of the neutral current flows through
the neutral-leg switches rather than the dc-link capacitors,
and thus, high-value capacitances are required to attenuate the
ripple and volume and to make cost savings. Third, the dc-link
and inverter circuit are at a constant potential with respect to the
system neutral, and there is a reduced problem of driving high-
frequency interference currents through parasitic capacitances
in the inverter. The circuit of Fig. 2 was proposed in [15]
by using the reasoning of combining a dc—dc buck converter
and a dc—dc boost converter, and in [16] by using the reasoning
of a class-B chopper. The reasoning proposed here is simpler
and provides insight into the problem. In [15], the buck con-
verter is used to increase the neutral-point voltage; the boost
converter is used to lower it. In [15] and [16], a comparator with
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hysteresis is used to activate one or the other of the two neutral-
leg switches. This is a nonlinear controller. The possibility of a
large neutral current is not discussed in [15] and [16] because in
both cases a multilevel converter without a neutral connection
was considered (and it appears that the control strategy of [15]
is not suitable when a large neutral current is present).

In this paper, we develop a linear model for the neutral-leg
circuit so that the design of a linear controller using advanced
control techniques is possible. In this case, the H*> control
technique is adopted with the aim of balancing the dc link
when the neutral current is large (see [17] for the control design
with classical techniques). The proposed design is tested in
a PSCAD simulation and then verified through experimental
testing of a 30-kW 415-V (line) four-leg inverter. This paper
complements the results published in [18], where the voltage
control problem of the dc—ac converter in a microgrid was
discussed assuming the existence of a balanced dc link.

II. MODELING OF THE NEUTRAL LINE CIRCUIT

The circuit in Fig. 2 is consist of a dc to three-phase ac
converter in which the inverter is a six-switch two-level ex-
ample, and the neutral circuit contains further two switches, a
pair of nominally similar capacitors and an inductor. The task
for the controller is to generate firing pulses for the switches
Sn+ and S _. The general aim of the controller is to maintain
the voltage at the midpoint of capacitors very close to the true
midpoint of the dc link, measured as V.. If the dc-link voltage
is constant, then the controller can maintain the link in balance
by forcing the inductor current 77, equal to the neutral current
iy so that no current flows through the capacitors. However,
the controller must also cope with perturbations in dc source
voltage, as we shall see.

All voltages are measured with respect to the neutral point N.
The total dc-link voltage is the difference between the two
capacitor voltages measured with respect to the neutral point

Ve =Vy — V.. (1)

We desire a balance between the two capacitor voltages, and
this can be expressed by making V. very small, where the
average voltage Vi, is defined as

VitV

Vave = —— 2

Using Kirchhoff’s laws, we obtain the following equations:

dig, . . . .
un = LN% + Rnip  in =i+ 3)
where Ry is the equivalent series resistance of the inductor and

av,
dt

dV_
+Cn_—— 4

’ic = CN+ dt .

Equations (1) and (2) define a coordinate transformation

R ESRINE



1596

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 53, NO. 5, OCTOBER 2006

R R g
W F o

\loads or grid

Neutral Leg

Inverter

Fig. 2. Neutral line provision with active balancing. The inverter shown could be replaced by a three-level inverter or by other circuits without affecting the
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Fig. 3. Neutral-leg switch state g (top line) and instantaneous neutral-leg
voltage up (bottom line).

Hence, (4) can be reformulated as

. dvave CN - C(N — dVdc
te = (Ony +On-) =5~ + +2 Tar

This equation reveals that the overall dc-link voltage is subject
to change (perhaps because of the variation in the dc power
source); then, the balance of the capacitor voltages is disturbed
if the capacitor values are not equal. Because large-valued
electrolytic capacitors are subject to large manufacturing tol-
erances, this can be a significant effect. A new voltage variable
is defined to represent this disturbance

Cny —Cn- Vi
Wo=—F—"—"-—" . 5
0 Cne 1 On 2 )
The equation for ¢, now becomes
. d Vave - W
ic = (Cny + CN*)%- (6)

The variable ¢ is used to represent the state of the neutral-leg
switches:
+1,
9=93 1

The voltage uy follows the same shape as ¢, as shown in
Fig. 3, in which h is the switching period and h = 1/ fs. As it

if Sy is ON and Sy_ is OFF
if Sy_ is oN and Sy iS OFF.

IN ¢V0
. . 4
p VDC + UN 1 ity e 1 Ve Vave
— L = )——
B N sLy+ Ry (Cny +Cpy)s ¥

Fig. 4. Block diagram of the uncontrolled neutral-leg system.

is common in switch-mode circuits, the switching action is at a
high enough frequency f; to have little impact on the dynamics
of the circuit, and so, we consider the average values of the
signals over the period h. The average of ¢ is p, so that p €
[—1, 1]; the duty-cycle of Sy is

1+p
d=——
2
and the average of uy is
uy =dVy + (1 —d)V. = gvdc + Vive. )

Equations (3), (6), and (7) define the blocks of the control
model of the neutral-leg balancing circuit, as shown in Fig. 4.
V4 is considered as an external disturbance, and p is the control
variable. Strictly speaking, even this simplified model is non-
linear because p is multiplied with the variable V3.. However,
since the variations of Vj. are relatively small, we will, in
the design that follows, consider that the term V. appearing
in the first block in Fig. 4 is equal to its nominal value of
Viem, If the variations of Vg, are expected to be large, then
they can be compensated by measuring V. and multiplying the
output p of the controller with the correction factor V™ /V.
(however, simulations show that the effect of this correction is
not significant).

III. CONTROLLER DESIGN

The control objective for the plant in Fig. 4 is to maintain a
stable and balanced neutral point, i.e., to make Vi, as small
as possible while maintaining the stability of the system. The
disturbances are the neutral current 7y and the equivalent exter-
nal disturbance V{y defined in (5). Since the current ¢. contains
significant ripple at the switching frequency, it must be sensed
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Fig. 5.
physically; they are only mathematical tools.

through a low-pass filter F', as shown in Fig. 5. The remaining
ripple after this filter will be interpreted as a measurement
noise n (see again Fig. 5). We denote the Laplace transforma-
tion by a hat. Then, V;, the signal available to the controller
from the measurement of i, is given by Vz = F%c + n. From
the H*° control point of view, the simplest formulation of the
problem would be to minimize the H* norm of the transfer
function from [iy V1|7 to the average voltage Viye. Such
a formulation would be unrealistic since it would ignore the
fact that the disturbances are expected in a certain frequency
range and it would not reflect that we must avoid the signal
upn getting too large (because for obvious physical reasons,
V_ < un < V4). Thus, as it is usual in applications of the H*°
theory, we introduce the weighting functions W, to multiply
Vave and W, to multiply uy. We also introduce two new
variables Iy and I,,, which are proportional to Vy and n via
the factors p and (. These weighting factors are needed to
adjust the relative importance of the three disturbances iy, Vp,
and n in the H°°-norm minimization process (because <y, Iy,
and I,, will have equal importance). The H> control problem
is then formulated to minimize the H* norm of the transfer
function fromw = [ix Iy I,)Ttoz=[V, V,]T, denoted
T.., = Fi(P,K). The closed-loop system can be represented
in terms of Laplace transforms, ignoring initial conditions, as

MR
i a

where P is the generalized plant and K is the controller to
be designed. A nearly optimal K can be obtained by the H>
control algorithm (which solves two Riccati equations at each
iteration) (see [19] and [20] for details). In the sequel, we
derive the realization of P (which is needed to obtain K)

and the realization of the closed-loop transfer function from
/ . T ’ T
w=1[in Vo n] 02 =[Vaye un] .

Ky

A. Realization of P

If the state variables of the original plant are chosen to be
the inductor current iy, and the voltage V., = V.. — Vo, i.e.,

H®° control problem is to minimize the norm of the transfer function from w to z. The weighting functions W,, and W5, need not be implemented

T = Bf ] , and if the control input w is p, then the following
C
state equations can be obtained from Fig. 5:
& = Ax + Biw + Bou ®)
where
[ Ry 1
Cn++Cn— 0
[0 Lo
B = L 0o
CN++CN,
[ Vae
_82 = QI(I)N
The output equations are
Vave = Cfaaj + Dlaw + D2au
uy =Crpx + Dipw + Digpu
ic = Copw + Da1pw + Dagpu )
where
¢, =lo 1} Dy, = [0 0 0} Day = [o}
r Vi
Cipy = |0 1} Diyp = [0 P 0] Digp = ;C
Cop=|=1 0] Day=|[1 0 0] Doz = o].

Assume that the realization of the weighting function W, is

Av B,
Cy | Dy

W,
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(this notation means that W, (s) = D, + C,(sI — A,) ' B,,
see, for example, [19]). Then

. Ay | By | .
Vv = ave
C, | D,
_Av B, A ‘ B, Bs |:’li):|
_C’u D’u Oa ‘ Dla D2a u
A 0| B B )
= BvCa Av Blea BUDQa |:’(f):| (10)
u
_Dvca Cv ‘ Dlea DU-DQa

(recall that a hat is used to denote the Laplace transforma-
tion). Similarly, assume that the realization of the weighting
function W, is

A, | By
W, =
C’U/ DU
then
A -Au BU/
V.= UN
o, | D,
[ A 0 B, By R
— | BuCww Ay | BuD11p BuDi2p [lf} (11)
0
| D.Chp Cu‘DuDllb Dy D2y

Assume that the implementation of the low-pass filter F' is

AF Bp
CF Dp

then
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A0 B By
| BrCo%  Ar BrDayy Br Doy
DrCy Cr | DpDayp + [0 0 C] Dp Doy

W
X [ﬁ} . (12)
Combining (8)—(12), we obtain the realization of the general-

ized plant P, with inputs w and v and outputs z and y, as shown
in the expression at the bottom of the page.

B. Realization of the Closed-Loop Transfer Function
Vave} and denote by P the transfer function

v
!
from [w} to {Z }Then
U Y

Denote y = [

By B>
Br Dy, Br Dagy,
Dla D2a
D11 D12y
Dia Dy,
Dy Doy + [0 0 (] Dy Dagy |

Assume that the controller to be designed is realized as

Ak | Bx
Ck | Dk
where, usually, Dg = 0, if K is obtained from the H* algo-
rithm. However, D g may be nonzero after controller reduction.

A B .
= r r %c +<I, According to the star-product formula [19], the transfer func-
Cr | Dr tion from w to 2’ is shown in the first expression at the bottom
Ap ‘ By A ‘ By B, {w] N d of the next page, where
Cr ‘ Dp | | Ca ‘ Do1p Doy | LY R=(I—DgDy)'  R=(I—DyDg) .
- A 0 0 0 By Bo 7
Bvca Av 0 0 Blea B'UD2a
B,Cyp 0 A, O ByD11y ByD1ay
BrpCyp 0 0 Ap Br Doy Br Doy,
P= DvCa Cv 0 0 Dlea DUD2(1
D,Cy 0 Cy 0 Dy D11y Dy D12y
C. 00 0 D1gq Daq
L DrCy% 0 0 Cp DpDayp, + [0 0 C} DpDsooy,
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Hence, the closed-loop transfer function from w' =
iN 1 0 0
Vol =10 p 0 wtoZ (this is the relevant closed-loop
n 0 0 ¢

transfer function in terms of the original variables) is

1 0 O
T = Tow 0 % 0
00 ¢

1V. DESIGN EXAMPLE

The example here is of an inverter to be used to export
power from micro gas turbine via a high-frequency rectifier
and dc link. The converter is the one which will be used in
the experimental verification rated at 30 kW and is designed
to work in a four-wire system with a nominal phase voltage of
240 Vrus. Further discussion of this application can be found
in [18], [21], and [22]. The parameters of the neutral-leg circuit
are: Ly =25 mH, Ry =0.2 Q, Cnyy = Cy_ = 6600 uF,
and Vg = 800 V. The switching frequency is fs = 10 kHz and
F(s) =1000/(s + 1000).

A. Selection of the Weighting Functions

It is not easy to choose suitable weighting functions for
a specific H* control problem. These functions have to re-
flect the relative weight of different signals, their frequency
characteristics, and at the same time they must be chosen
such that the problem is solvable. It is difficult to find guide-
lines on this problem in the literature (some general guide-
lines are provided in [19] and [20]). The selection of the
weighting functions for our H*° control problem is detailed
below.

The weighting function W, has to be large for the range of
significant disturbance frequencies (50 Hz and a few multiples
of it), and it has to decay for larger frequencies, since the
switching frequency limits the realizable control bandwidth.
(In any case, the capacitors are effective at attenuating high-
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frequency ripple voltage). The weighting function W, (s) can

be chosen as
—w ‘ g
Wh — Wi ‘ g

where g is a tuning parameter to move the Bode plot of W,, up
or down.

The signal upy is closely related (almost proportional) to
u = p. We want to prevent u from becoming large, especially
at high frequencies. Therefore, the weighting function W, is
chosen small for low frequencies and large for high frequencies.
The usual algorithm employed in H* control requires that the

} has full column rank. Since Dy, = 0, D,,

Wu(s) =g

S+ wh .
S+ wy -

D v D 2a
D uD 12b
cannot be zero. Hence, W,, has to be nonstrictly proper. The
weighting function W,, can be chosen as

s+w | TWh ‘ k
W] — Wh ‘ k

where k is a tuning parameter to move the Bode plot of W,

up or down. In this application, the fundamental frequency is

50 Hz, and the high-frequency components under consideration

are up to the 31st harmonic. Therefore, wy is chosen to be

10000 rad/s. The Bode plots of the weighting functions W, (s)
and W, (s) are shown in Fig. 6 for £ = 0.1 and g = 10.

matrix {

Wu(s) =k n
S Wh,

B. H® Controller Design

The tuning parameters are chosen to be: k£ = 0.1, g = 10,
p = 0.01, and ¢ = 0.01. The weighting parameters are chosen
to be w; = 1 rad/s and wy, = 10000 rad/s. Using the p-analysis
toolbox from MATLAB, the H*> controller K = [K, K;]
is obtained, as shown by the second expression at the bottom
of the page. This controller is somewhat unrealistic because
the sampling frequency is usually limited (in the experimental
case it is the same as the switching frequency 10 kHz). In
order to make the controller implementable, any zeros or poles
which correspond to a corner frequency much larger than wy, =
10* rad/s are substituted by a proportional gain (i.e., ignoring s).
Then, the controller derived earlier is reduced to K,.(s), shown
at the bottom of the next page.

A + BQéDKéQ

T.., = F(P,K) = By RC;

By + ByRDg Doy
BgRDo;

BaRCy
A + BKRDQQCK

Cy + D1aDg RCy

D12 RC ‘ Di1 + D12 Dy RDo;

—0.0025(s — 9.134 x 10'%)(s + 8.041 x 10*)(s + 1.002 x 10)(s + 80.12)(s + 73.21)

K,(s) =

(s + 3.126 x 108)(s + 1.032 x 105)(s + 6061)(s + 76.03)(s + 1)
5.9668 x 103(s + 104)(s + 1000)(s -+ 80)

Ki(s) =

(s + 3.126 x 108)(s + 1.032 x 105)(s + 6061)(s + 76.03)"
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Fig. 7. Bode plots of the controllers K and K.

The Bode plots of these controllers are shown in Fig. 7. The
Bode plots of the corresponding closed-loop transfer functions
using the original H* controller K and the reduced controller
K, are shown in Fig. 8. The curves are very close: Only the
transfer functions from iy to uy differ a little at very high
frequencies that are much higher than the switching (sampling)
frequency.

V. SIMULATION AND EXPERIMENTAL RESULTS

The system described so far was time-step simulated using
PSCAD/EMTDC with a component-level model of the inverter.
A Tustin discretized form of the reduced controller K, has
been used in our simulations. In the simulation (as in the
experiment), the three-phase inverter operates in stand-alone
mode (not connected to a stiff utility grid) and supplies a single-
phase load, so that a large neutral current exists. Two example
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— — K (H™ design)
[ — Kr (reduced)
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toupn.

Bode plots of the closed-loop transfer function from i to Vaye and

loads have been used in our simulations: Load-A is a linear
resistive—inductive impedance (R = 87 € in series with L =
8 mH), which draws a relatively small load current; load-B is a
lower impedance (R = 7 ) in series with L = 8 mH) and draws
approximately 7.5 kV - A (32Agrs) at 50 Hz. The connection
is switched from load-A to load-B at 0.2 s. Some of the signals
have been filtered by a hold filter /1, in order to plot them more
clearly, without the ripple at multiples of 10 kHz. Here

1— efsh

h=10""s.
sh s

H(s) (13)
This is a notch filter whose notching frequencies are the switch-
ing frequency fs = 10 kHz and its nonzero integer multiples.

A set of simulation waveforms are shown in Fig. 9. With
load-A in place (¢ < 0.2 s), the peak value of V. is 0.075 V
[Fig. 9(a)]. When the connection is switched to load-B, Ve
reaches 0.28 V in the transient and then settles to within
0.16 V. The inductor current [Fig. 9(c)] closely follows the
neutral current [Fig. 9(b)], and the dc-link capacitor current ¢,
(after hold filtering) [Fig. 9(d)] is very small and not greatly
disturbed by the load switch. The simulations show that the
neutral point is balanced with respect to the dc terminals and
contains only a very small ripple despite the large neutral
current. During the load change, the controller demonstrates a
very good dynamic performance.

In the experimental system, the controller is implemented
on a dual DSP system using a TMS320C6713 and a
TMS320LF2407A. The TMS320LF2407A is a fixed-point
processor with many integrated peripherals. It is used to process
the analog signal inputs from sensors, generate the PWM
output, and perform protection and monitoring functions. The
TMS320C6713 is a floating-point processor used to process all
the control algorithms, including the PLL, the overall power

(s +1.002 x 10%)(s + 80.12)(s + 73.21)

4
1.9088 (s +10*)(s 4+ 1000)(s + 80)

Ko () = 05692 ——" =061 (5 + 76.08)(s 7 1)

(s + 1.032 x 10%)(s + 6061)(s + 76.03)
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Fig. 9. Neutral circuit waveforms from simulation of a step change in impedance of a single-phase load. The signal . has been filtered to remove switching

frequency ripple, as described in the text.

control, the I repetitive control of the phase voltages (which
is described in [18]), and the dc neutral-point controller that
is the subject of this test. Interprocessor communication uses
the serial peripheral interface (SPI). The filter F'(s) of Fig. 5
has been realized using op-amps on the conditioning board to
avoid aliasing problems. Quantization error and noise in the
A/D converter measuring V,,. caused considerable difficulty.
These problems have been overcome by reducing the active
range of the conditioning amplifier to |Viy.| < 1 V (i.e., above
1V, the amplifier saturates).

Experimental tests were conducted to replicate the tests per-
formed in the simulations. The results are shown in Fig. 10. The
peak values of Vg under the two load conditions are about 0.1
and 0.25 V, respectively. These values are somewhat larger than
those in the simulations, and this is attributed to external in-
terference and parameter mismatch in the experimental system.
The peak of the transient response is about 0.38 V. The plots
show that almost all the neutral current flows in the neutral-
leg switches rather than in the dc-link capacitors. The dc-link
capacitor current consists mainly of switching frequency ripple.
These experimental results have verified the good tracking and
dynamic performance of the controller.

VI. CONCLUSION

The provision of a balanced and low-ripple split dc-link
has been examined for the provision of a neutral line in four-
wire three-phase inverters. A linear model has been developed
for an active balancing circuit consisting of a conventional
neutral leg and a split dc-link. The intention was to avoid
the need for large capacitors or dissipative passive balancing
by implementing high-bandwidth robust control. The control
of the neutral leg has been formulated as an H*° control
problem. In order to make the /7 control problem solvable, an
artificial signal (measurement noise) n is introduced. Due to its
high bandwidth, the nearly optimal controller has to be reduced

Ve
0.2V/div

iy
“50A/div

«ir
50A/div
i
20A/div

0.17 0.18 0.19 0.20 0.21 0.22 0.23 024 025 0206 027
Time (sec)

Fig. 10. Experimental results for the same step-change of load as in the
simulations shown in Fig. 9. The origin of the time axis has been chosen as
0.17 s, so that the step-change occurs at 0.2 s to match the simulation conditions.

so that it can be implemented. The choice of weighting func-
tions for the H> design process is discussed in terms of the
required controller properties. The achievable performance is
illustrated in Bode plots of the closed-loop transfer function.
The performance of the system was verified through time-step
simulation in PSCAD and experimental testing on a full power
prototype inverter. Simulation and experimental results show
that the neutral point is controlled to be better than 0.5 in 800 V,
even in the presence of a transient single-phase load of close to
the maximum inverter current.
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