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H®° current control strategy for the neutral point of a three-phase inverter
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Abstract— In this paper, an H° current controller is propo-
sed to maintain a balanced neutral point for a three-phase four-
wire inverter, which can be used in microgrid applications. The
neutral-point circuit consists of a conventional neutral leg and
a split DC link. The neutral point is balanced with respect to
the two DC source terminals (as required, e.g., in neutral-point-
clamped three-level converters) even when the neutral current
is large so that the inverter can be connected to an unbalanced
load and/or utility grid. The controller, designed by using
the H*° control techniques, can eliminate the current flowing
through the split capacitors. This leads to very small deviations
of the neutral point from the mid-point of the DC source, in
spite of the possibly large neutral current. Experimental results
are presented to demonstrate the excellent performance of the
proposed control scheme.

Index Terms—DC-AC power converter, multi-level PWM
converter, DC-link balancing, neutral line, 3-phase 4-wire power
system, H°° control

I. INTRODUCTION

Rapidly increasing energy demand from the industrial
and commercial sectors, especially in the current climate
of increased concerns about environmental changes, has
led to fast development of Distributed Power Generation
Systems (DPGS) based on renewable energy sources. A
more recent concept is to group DPGS and the associated
loads to a common local area to form a small power system
called a microgrid. The introduction of microgrids improves
power quality, reduces transmission line congestion, decre-
ases emission and energy losses, and effectively facilitates
the utilisation of renewable energy resources [1], [2], [3],
(41, (51, [6].

In some circumstances, the inverters used in microgrids
and/or DPGS must supply a mixture of single- and three-
phase loads via a four-wire three-phase distribution network.
The neutral line is usually needed to provide a current path
for possible unbalanced loads and the traditional six-switch
inverter must be supplemented with a neutral connection. If
the neutral point of a four-wire system is not well balanced,
then the neutral-point voltage may deviate severely from the
real midpoint of the DC source. This deviation of the neutral
point may result in an unbalanced or variable output voltage,
the presence of the DC component, larger neutral current
or even more serious problems. Thus, the generation of a
balanced neutral point in a simple and effective manner has
become an important issue [7].
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Three different circuit topologies have been widely used
to generate a neutral point [7], [8]. The most popular
topology is a split DC link, shown in Figure 1 (a), with
the neutral point clamped at half of the DC link voltage.
Since the neutral current flows through capacitors, high
capacitance is necessary. Moreover, the neutral point usually
shifts following capacitors and/or switches differences. To
improve performance of the split DC link topology, different
neutral point balancing strategies are reported, usually using
redundant states of the Space Vector Pulse Width Modula-
tion (SVPWM) [9], [10], [11] or varied voltage-balancing
modulation techniques as proposed in [12], [13]. The main
drawback is that the neutral point balancing is not fully
decoupled from the three-phase converter control and, as
a result, the power quality of the output voltages can be
significantly affected. Figure 1 (b) shows another way to
handle the neutral point control. An additional fourth leg,
called the neutral leg, is added to a conventional three-
leg converter. Various control strategies are available for
this topology [14], however the additional neutral leg again
cannot be fully independently controlled to maintain a stable
neutral point. The third topology, an actively balanced split
DC link topology shown in Figure 1 (c), is the combination
of the first two (split DC link and the additional neutral leg).
The control of the neutral point in this case can be decoupled
from the control of the three-phase converter [15], [16], [7],
[8].

In this paper, a current control strategy is proposed for the
actively balanced split DC link topology. The controller is
designed by using the H°° control techniques to eliminate
the current ic flowing through the split capacitors. Since
the neutral point can slightly shift due to the mismatch of
capacitors and/or the non-linearity of switches, an extra vol-
tage control loop is added to bring the shift back to normal.
The proposed strategy brings very small deviations of the
neutral point from the mid-point of the DC source, in spite
of the possibly large neutral current. Experimental results
are presented to demonstrate the excellent performance of
the proposed control scheme. In addition, the performance
of the proposed H*° current controller is compared with
proportional and H*® voltage-current controllers proposed
in [8] and [7] respectively. Although it is not a focus of
this paper, the proposed control strategy can be applied to
maintain the mid-point of multi-level inverters.

The rest of the paper is organised as follows. The overall
structure of the system is presented in Section II, followed
by the H*° current controller designed in Section III and the
voltage control loop designed in IV. The experimental setup
is briefly described in Section V, followed with experimental
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Fig. 1. Circuit topologies to generate a neutral point [7], [8]

results. Finally, conclusions are made in Section VI.

II. DESCRIPTION OF THE SYSTEM

As mentioned previously, the circuit topology shown in
Figure 1 (c), is the combination of the split DC link and
the neutral leg topologies [7], [8] and the control of the
neutral point is decoupled from the control of the three-
phase inverter. The total DC-link voltage is the difference
between the two capacitor voltages measured with respect to
the neutral point

Vbe =Vony — Von—.

Since the control objective is to maintain the point N as a
neutral point, then the average voltage

Vony +Von-

. (M

Va'ue =

is expected to be very close to O all the time. As a result,
i1, is expected to be almost equal to ¢x. This means that
the majority of the neutral current should flow through the
inductor Ly but not through the capacitors C'y, i.e.,a smaller
current i¢ brings a smaller variation of the neutral point V.
Hence, the capacitors are not necessarily very large, as those
needed in the conventional split DC link. The control strategy
will be developed to to make ¢ as small as possible (ideally
ic = 0).

Lol Voc
2

S(Cy, +Cy2)

Fig. 2. The block diagram of the neutral leg

III. DESIGN OF AN H* CURRENT CONTROLLER

A. Controller Description

The block diagram of the neutral leg is shown in Figure
2, where p is the duty cycle for the switches. The resistance
of the inductor is included and the capacitors are assumed to
be different. The control objective is to maintain a stable and
balanced neutral point, i.e., to make ¢ as small as possible
while maintaining the stability of the system.

|

IiN —

plant <

Y

|

C

Fig. 3. The block diagram of the H°° control scheme

The sketch of the H° current control scheme is shown in
Figure 3, where P is the transfer function of the plant and
C is the transfer function of the controller. The controller C
is designed by solving a weighted sensitivity H*° problem
[17], as formulated later, to assure the stability of the entire
system, which implies that the current ¢ will converge to a
small value. The neutral current ¢ is regarded as an external
disturbance and the control action is v = p.

B. Formulation into a Standard H°° Problem

Since the current ¢ contains significant ripples at the
switching frequency, it is measured through a low-pass filter.
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The remaining ripple after this filter can be interpreted as
a measurement noise n. The disturbance is expected to be
within a certain frequency range so a weighting function
W is introduced to reflect this. In order to avoid a large
control action, a weighting factor p is introduced. A new
variable I, which is proportional to the measurement noise
n, is also introduced via a factor . The weighting factors
¢ and p can be used to adjust the relative importance of
the disturbances ¢ and n in the H° norm minimisation
process. The H°° control problem, as shown in Figure 4, is
then formulated to minimise the H°° norm of the transfer
function from w = [ I, in |7 to 2 = [ 21 2 |7,
denoted 1%, = }}(P,C). The closed-loop system can be
represented as

u=Cy,

where P is the generalised plant and C' is the controller to
be designed.

C=[-1 0], Di=[1], D2=[0].

The corresponding plant transfer function is then
P = [ Dy Do }-FCl(SI—A)_l [ B1 B> ],

or, in short,
A | B By ]

P:{Cﬁ Dy Dy @

In the sequel, this notation will be used for transfer functions.

D. Realisation of the generalised plant P

Assume that the fundamental frequency of the neutral
current is 50Hz, the weighting function W can be realised
as a proportional-resonant (PR) filter

Ay | B
=T } s)

w-|
with a high gain at the vicinity of the line frequency while
providing smaller gains at all the other frequencies. From
Figure 4, the following equations can be obtained:

___________f _____________________________________________________________ . . Al| Bi B iN
P Yy =1c +§—I7l = §I7L + |: C 1 D: D :| |: w :|
ir __________________________________________________ _ [ A |0 B1 B an )
P - VL | o - L Ch | f D1 Do qu ’
2
}Z 2 = Wlic +¢€I,)
[ Au|B. [ A0 B B ]| I
T Cu |0 Ci|€ D1 D >
S [ A 0 0 B Bs I
o — | BuCi Aw | Bu¢é BwD: BuDs in (D)
=+ c |2 T 0 Cu| 0 0 0 u

Fig. 4. Formulation of the H °°control problem for neutral point control

C. Realisation of the Plant P

The inductor current 77, and the voltage V- are chosen as
state variables z = [ i, Ve }T. The output signal from
the plant P is the capacitor current i¢c = iy — iy, i.e.,
the difference between the neutral current and the current
through the inductor. The plant P can be then described by
the state equation

i = Az + Biiy + Bou 2)

and the output equation

y=e=Ciz+ Diiny + Dou 3)
with
_ BN 1
_ L L
A - e IN ON ‘| 9
N++CN—
0 Vbc
B1—{ 1 }, Bz—{n”},
CNn4++Cn— 0

Combining equations (6), (7) and (8), the realisation of
the generalised plant is then obtained as

A 0] 0 Bi | B
BwC1 Ay | Bué BuwDi | BuwD:
P= 0 Cwo| O 0 1 0 )
0 0 0 0 ' pu
TCT 0 T€ET T DTN Dy
TABLE I

PARAMETERS OF THE NEUTRAL LEG

[ Parameters |  Value || Parameter [ Value |
Ly 2.35mH Cn 1000pF
RN 0.54Q2 fs 10kH z

E. H* Controller Design

The parameters of the neutral leg circuit to be tested are
shown in the Table I. The switching frequency is fs =
10k H z. The weighting parameters are chosen to be & = 2.5
and p = 4 and the weighting function is chosen as W(s) =

7S2+1“61+w2, with a high gain at 50Hz (w = 314rad/sec).
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Using MATLAB hin fsyn algorithm, the H* controller C'
is obtained as
Cls) = 56.0458(s + 307)(s* + 258.4s + 2.027¢005)
(s +791)(s + 250.8)(s2 + 105 + 9.87€004)
(10)

It can be discretized for implementation. With a sampling
frequency of 10kHz, the discretized controller can be obtai-
ned using the MATLAB c2d (ZOH) algorithm as

0.0054728(z — 0.9698) (22 — 1.972 + 0.9745)
(z — 0.9239)(z — 0.9752) (2% — 1.998z + 0.999)°
(11)

C(z) =

Ve — PI C U

Fig. 5. The proposed cascaded voltage-current controller

IV. ADDITION OF A VOLTAGE CONTROL LOOP

As mentioned earlier, the neutral point usually shifts
because of capacitors mismatches and/or non-linearity of
switches, even if the current i is maintained 0. To improve
the performance of the proposed strategy there are generally
two ways. First is to simply implement offset on the control
signal according to the neutral point shift. As a consequence,
there is no need to measure voltages across capacitors, and
only one sensor to measure capacitor current is necessary
for the H*° current controller. As the offset is constant,
the main drawback of this method is that the neutral point
can at some circumstances shifts further. Another way to
improve the performance of the proposed strategy is to use
an additional voltage control loop. In this case, the capacitors
voltages are measured with respect to the neutral point N, as
shown in Figure 1(c). The balance between the two capacitor
voltages can be achieved by making (1) very small. In this
case, the average voltage V.. is used as feedback, which
results in a cascaded voltage-current control structure shown
in Figure 5. The voltage controller can be chosen as a
proportional-integral (PI) controller, which has an infinite
DC gain. The H*® controller is designed first to meet the
specified robustness and error tracking performance and
then the voltage controller is fine-tuned with consideration
of its influence on the synthesised H°° current controller.
This control structure brings not only a stable neutral point
(current controller), but also a balanced one with respect to
the DC-link terminals (voltage control loop).

V. EXPERIMENTAL VALIDATION

The experimental setup consists of an inverter board, a
three-phase LC filter, a board consisting of voltage and cur-
rent sensors, a dSPACE DS1104 R&D controller board with
ControlDesk software, and MATLAB Simulink/SimPower

software package. The inverter board consists of two inde-
pendent three-phase inverters and has the capability to gene-
rate PWM voltages from a constant 42V DC voltage source.
The first inverter is used to generate three-phase voltage
output and one leg of the second inverter (additional fourth
leg) is used to control the neutral point. The parameters of
the system are given in Table I.

The proposed controller is compared with a classical con-
troller (voltage and current proportional controllers) propo-
sed in [8] and the H*° voltage-current controller proposed in
[7]. The control strategies are evaluated under three different
situations with iy = 0A , iy = 14 and iy = 2A. The
three-phase inverter is connected to a resistive local load in
the open-loop mode to generate the neutral current needed
for the tests.

When iy = 0A, Figure 6 (a) shows the currents (ig,
ir and t7) of the inverter to generate the neutral current
and Figure 6 (b) shows the neutral current iy, the inductor
current 77, and the capacitor current i . The neutral point
shift, i.e., the average voltage V., is shown in Figure 6 (c).
The relevant curves are shown in Figure 7 when iy = 14
and Figure 8 when iy = 2A. The proposed controller
maintained a small voltage shift under all three cases. As
expected, the majority of the neutral current was forced to
flow through the inductor and the current 7 remains nearly
0. The neutral point shift remained almost unchanged when
the neutral current was increased. The proposed strategy
clearly outperforms the classical and H° voltage-current
controllers, with which the neutral point variation and the
capacitor current were proportionally increased with the
increased neutral current. As a consequence, the neutral
point was not well balanced. Moreover, in the case of the
classical controller, there is a visible neutral point shift, i.e.,
an increased DC component in average voltage V..

VI. CONCLUSIONS

A control strategy is proposed to force the neutral current
to flow through the inductor of the neutral leg so that the
neutral point is maintained stable and balanced, even for a
large neutral current. The experiment results show that, for
an increased neutral current iy, the proposed H* current
controller is effective and is able to maintain a stable neutral
point. With comparison to the classical and H° voltage-
current controllers in literature, the proposed H*° current
controller demonstrate better performance.
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