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Abstract—This paper proposes a novel neutral-point voltage
regulator for a three-level diode clamped rectifier that uses a fast
space vector modulator in conjunction with a sharing function
controller for neutral-point regulation. Redundant state choices
are controlled via a continuous sharing function, and small signal
models are developed for closed-loop regulators with this sharing
function as the control variable. A significant improvement is seen
in the voltage distortion at the neutral point when the regulator is
used, and this leads to a definitive reduction in the required dc bus
capacitance.
Index Terms—Control, inverters, modulation, multilevel,
neutral, rectifiers.

I. I NTRODUCTION

T

HREE-LEVEL or neutral-point clamped converters are
seeing increased application in industrial drive systems
[1], [2]. Several carrier-based and space-vector-based modulation strategies are commonly used to synthesize waveforms
using these converters [3], [4]. The modulators for these converters also need to regulate the neutral-point potential at the
middle of the dc bus voltage from diverging due to asymmetries
introduced by parasitic parameters like device voltage drops
and modulator time delays. Both multiple carrier and nearest
three vector (NTV) approaches lead to significant third harmonic injection into the neutral point of the converter. This
causes an increase in the required dc link capacitance of the
converter. While open loop strategies have been proposed for
the reduction of the harmonic content [5], a closed-loop strategy
that reduces the harmonic content of the neutral-point current is
developed in this paper. Most approaches for performing this
are based on complex heuristic control methods and/or lookup tables and hence do not have definitive performance levels.
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Although modeling of this phenomenon has been carried out for
the switching frequency effects of various modulators, averaged
models to study these dependencies are just emerging [6]–[8].
This paper focuses on the design of closed-loop compensator
for neutral-point regulation with space vector modulators.
The controller functions for generalized multilevel rectifier systems can be partitioned into two closed-loop
regulators—one regulating the total dc-bus voltage and another
that maintains the neutral-point potential at the middle of the dc
stack. The dc-bus regulator generates a current reference that is
proportional to the compensated dc voltage error signal, similar to more common two-level rectifier systems. The neutralpoint regulator is based on controlling the neutral-point current
injection as a function of a control input that depends on the
existing imbalance between the top and bottom sections of the
dc stack. This paper is primarily concerned with the operation
and design of the neutral-point regulator.
Small signal transfer function models are developed using
switching function averaging approaches for the space vector modulator and used to design the neutral-point regulator. A detailed simulation of a three-level rectifier shows the
benefits of using the closed-loop regulator for space vector
modulation methods. The partitioning of three-level inverter
controller functions into dc bus regulation and dc bus balance
is described in Section II along with block diagrams of the
neutral-point regulator. Section III presents the relationships
between the neutral-point current injection and the control
variables for the regulator. In Section IV, a linearized small
signal model for the controller is presented while simulation
results verifying the performance of the regulator are presented
in Section V. Section VI contains selected results from a
laboratory prototype rectifier used to verify the operation and
stability of the system followed by conclusions and summary in
Section VII.
II. N EUTRAL -P OINT R EGULATION
The controller functions for generalized multilevel rectifier
systems may be partitioned into two closed-loop regulators
as illustrated in Fig. 1: a “sum” regulator that controls the
total dc bus voltage and a “difference” regulator that controls
the neutral-point voltage. The proposed control approach for
regulating the neutral-point voltage of a three-level neutralpoint clamped inverter is based on the concept of “sharing
function” introduced in [8]. A representation of the switching
states available for synthesizing the output voltages using a
three-level rectifier on the (g–h) plane is illustrated in Fig. 2 [4].
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Block diagram of a generalized multilevel diode-clamped rectifier system.

Fig. 2. Representation of the switching states of a three-level converter in
the g–h plane.

It may be noted from the figure that switching state redundancies appear on the inner hexagon, where two switching states
are available for each position. Furthermore, these redundant
states on the inner hexagon may be grouped into two subsets,
each representing power transfer into one of the two dc buses
constituting the stack. The ratio of distribution of duty cycles
between the two possible subsets may be represented by a
continuous “sharing function” sf11 . The average value of the
sharing function is nominally 0.5, representing equal power
drawn from the two dc buses. However, by perturbing the
sharing function, the relative distribution of power drawn from
the dc buses may be varied. This is the basis of the proposed
control approach.
A more detailed block diagram of the proposed neutral-point
controller for a three-level rectifier is illustrated in Fig. 3.
The design of the regulator follows two steps. First, the
input–output relationship between the sf11 and the neutralpoint current injection I0AVG is determined as a function of
operating conditions such as modulation level, output current,
and power factor. This nonlinear function is then linearized at
the steady-state operating condition to obtain an input–output
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Fig. 5. Mode 1: sectors swept during 120◦ excursion of reference vector for
modulation index < 0.5.

Fig. 3. Block diagram of neutral-point regulator using control of sharing
functions (Ia , Ib , and Ic are ac line currents).

The following matrix equations that relate dc stack variables to ac output variables can be written for three-level converters [8]:
 



h1a (t) h0a (t) h−1a (t)
V1
Va (t)
 Vb (t)  = h1b (t) h0b (t) h−1b (t)  V0 
V−1
Vc (t)
h1c (t) h0c (t) h−1c (t)

 


I1 (t)
h1a (t)
Ia (t)
h1b (t)
h1c (t)
 I0 (t)  = h0a (t)
h0b (t)
h0c (t)  Ib (t)  . (1)
I−1 (t)
h−1a (t) h−1b (t) h−1c (t)
Ic (t)
The neutral-point current is given by the second row of the
second equation of the set in (1). As the switching functions
assume values of 0 and 1 at the switching frequency, the
neutral-point current contains switching frequency content as
well as low-frequency (primarily triplen harmonics) content
when traditional space vector modulators are used [9]. Pertinent
low-frequency information can be extracted from (1) by using
generalized averaging techniques [10]. Thus, each element hij
is replaced by its averaged equivalent mij as
1
mij (τ ) =
T

τ
hij (t) dt.

(2)

τ −T

Fig. 4. Simplified equivalent circuit of a three-level rectifier using single-pole
triple-throw switches.

By further integrating the appropriate high-frequency averaged stack current over a period of the fundamental waveform,
the net average neutral-point current can be obtained as

transfer function and further used for developing a controller
for the midpoint voltage.

I0AVG

III. M ODELING N EUTRAL -P OINT C URRENT I NJECTION
Three-level converters can be represented by an equivalent
circuit containing three single-pole triple-throw switches as
shown in Fig. 4. Here, each of the three throws for the switches
is connected to a dc-bus level—top (V1 ), middle (V0 ), and
bottom (V−1 ). The switching action of each of the throws can
be represented by their respective switching functions (h0a ,
h1a , etc.).

1
=
2π

2π
(m0a (t)Ia (t) + m0b (t)Ib (t) + m0c (t)Ic (t))dt.
0

(3)

The mathematical model for space-vector modulation that
uses the {g, h} coordinate system developed in [4] is applied for
this purpose. In this coordinate system, the triangular regions
swept by the reference voltage vector during a 120◦ interval
are illustrated in Figs. 5–7. It may be noted that there are three
distinct modes of operation, leading to three unique patterns of
triangular regions chosen, depending on the magnitude of the
reference vector.
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formed by [(1-1-1), (10-1), (100, 0-1-1)], averaged modulation
functions become
m0a (t) = d0−1−1 (t)
m0b (t) = d100 (t) + d10−1 (t)
m0c (t) = d100 (t).

Fig. 6. Mode 2: sectors swept during 120◦ excursion of reference vector for
0.5 < modulation index < 0.57.

(6)

Thus, within each sector, an expression for the various mij
and hence the stack currents can be written explicitly, leading
to piecewise linear functions that describe their time-domain
behavior. Therefore, the space vector modulation strategy [4]
provides unique continuous functions for the low-frequency
components of the injected currents in each of the triangular
regions.
If the output currents are assumed to be sinusoidal with
one per unit amplitude, the average current injection into the
midpoint of the stack can be computed as a function of the
modulation index m, the power factor φ, and the sharing
function as
√


mode 1
I0AVG = 3m 1 − 2sf11 cos (φ)
−1
=
cos (φ)
2π


× 3 2sf11 − 1
× 3 (m cos (2β1 ) + 2 sin (β1 ))
−

Fig. 7. Mode 3: sectors swept during 120◦ excursion of reference vector for
0.57 < modulation index < 1.

mode 2



−1
cos (φ) 3 2sf11 − 1
=
2π
√
√
× m+ 2 3mβ2 − 2 3 cos (β2 )

The limits on the magnitude of the reference voltage vector
that represent the boundary between these modes may be
computed as d1 , d2 , and d3 using geometrical constraints as
√
√
3
2 3
d1 =
d2 = 1 d3 =
(4)
2
2
where the three modes are defined as
Mode 1: 0 < |V ref | < d1 ;
Mode 2: d1 < |V ref | < d2 ;
Mode 3: d2 < |V ref | < d3 .
These boundaries are shown in Fig. 7. The largest output
voltage is produced when the modulation index is unity, which
corresponds to a peak value of |V ref | = d3 . Thus, the boundaries in (4) can be expressed in terms of the modulation index
m by rescaling, i.e.,
d1 =

1
2

2
d2 = √
3

d3 = 1.

(5)

Within each sector, averaged duty cycles can be derived for
each of the three positions that form the three vertices of the
sector, with the remaining positions assigned zero duty cycles.
Expressions can be written for the averaged throw functions
within each sector as a summation of duty cycles of states that
connect appropriate dc stack to the proper pole. For example,
in Mode 3 operation, when the reference vector is in the sector

√
3 (2 cos (β1 ) − m (4β1 + sin (2β1 )))

+ 2m cos (2β2 ) − 2 sin (β2 )

mode 3
(7)

where β1 = sin−1 [1/2m] − π/3 and β2 = −sin−1 [1/2m] +
π/3. Similar expressions can
the average
 AVG

 also be derived for
levels
currents drawn from the top I1AVG and bottom I−1
of the stack.
IV. S MALL -S IGNAL M ODEL OF N EUTRAL -P OINT
C URRENT I NJECTION
From the equivalent circuit in Fig. 1, the dynamics of the
unbalance voltage Vm = (Vt − Vb ) may be expressed as
dVmAVG
1  AVG 
=
I
dt
C 0

(8)



I0AVG = f m, φ, sf11

(9)

where

as described in (2). The function f takes different forms
depending on the amplitude of the reference vector. The
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small-signal behavior of this system with respect to the control
input being the sharing function within each mode may be
characterized as


∂f m, φ, sf11 ˜1
dṼmAVG
=
C
sf1
(10)
dt
∂sf11

TABLE I
SIMULATION PARAMETERS FOR A THREE-LEVEL RECTIFIER SYSTEM

where ∂I0AVG /∂sf11 is expressed as shown in (11) at the bottom
of the page.
From (10) and (11), it is clear that the small signal model
for the system behaves as a pure integrator, with a gain that
depends on the partial derivatives expressed by (11). Thus,
the system will have zero steady state error dynamics with
only a proportional controller with gain Kp . It is seen that the
forward gain is dependent upon the magnitude and phase of the
reference vector, and the sign is dependent on the phase. Thus,
a priori knowledge of the power delivery mode (motoring or
regenerating) is required to design a stable compensator. The
closed-loop transfer function between the command voltage
and actual imbalance may be expressed as
1
Vmf
(s) =
.
∗
Vm
1 + Kp s∂f

(12)

∂sf 1
1

The closed-loop system transfer function is that of a low-pass
filter. Clearly, the bandwidth of the neutral-point regulator can
be improved by increasing the proportional gain of the compensator. If the current phase angle is known, the compensator gain
can be dynamically scheduled to compensate for the variations
in the system forward gain, thus ensuring uniform bandwidth
for various operating points.

Fig. 8. Simulation waveforms for rectifier system showing the input waveforms. Trace 1: input line current; trace 2: source line neutral; trace 3: rectifier
pole–neutral voltage.

V. S IMULATION R ESULTS
A MATLAB Simulink model of a three-level converter using space vector modulation was developed and operated in
rectifier mode [11]. The operating parameters are shown in
Table I. Extensive simulations were conducted to verify the
performance of the regulator and the rectifier system at a wide
variety of operating conditions. Selected waveforms from the
computer simulation are illustrated in Figs. 8–10, indicating the
performance of the system as desired.
VI. H ARDWARE R ESULTS
A hardware prototype was built to verify the analysis and
simulation results obtained using the closed-loop neutral-point

regulator (Fig. 11). The prototype used nine dual IGBT devices
and unlytic capacitors interconnected with laminated bus planes
to create a three-phase three-level inverter power platform. The
component values used in the prototype are shown in Table I, in
the third column. The control algorithm has been implemented
on a general-purpose real-time control prototyping platform.
This platform is based on a TI TMS320C31 Digital Signal
Processor and a Xilinx Spartan series field programmable gate
array for software and logic-based algorithm implementation.
The DSP was used to synthesize the reference waveforms and
to implement the neutral-point voltage regulator. PWM control
generation, dead-time restriction, and protection functions are
implemented on the FPGA. High-power signal scaling and

√
∂I0AVG
= −2 3m cos (φ)
1
∂sf1
√
√
√
4 3mβ1 + 2 3 cos β1 − 3m cos (2β1 ) − 6 sin β1 + 3m sin (2β1 )
= −3 cos (φ)
π
√
√
m + 2 3mβ2 − 2 3 cos β2 + 2m cos (2β2 ) − 2 sin β2
= 3 cos (φ)
π

mode 1
mode 2
mode 3

(11)
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Fig. 9. Simulation waveforms for the rectifier system showing dc-link
voltages without closed-loop neutral-point regulation. Trace 1: top bus;
trace 2: bottom bus; trace 3: neutral-point current; trace 4: sharing function.

Fig. 11. Photograph of the prototype of three-level converter system.

Fig. 10. Simulation waveforms for rectifier system showing dc link voltages with closed-loop regulation. Trace 1: top bus; trace 2: bottom bus;
trace 3: neutral-point current; trace 4: sharing function.

conditioning have been implemented on a separate sensor board
that interfaces to the control prototyping platform.
Key operating waveforms of the active rectifier operation
at steady state, viz., Pole A–Pole B voltage and source A–B
line–line voltage, are shown in Fig. 12. The operation of the
rectifier at start up is shown in Fig. 13, where the dc bus voltage,
the current reference, the source line-line voltage, and the line
current are shown. Unity power factor operation can be verified
by observing the current waveform before and after the rectifier
is turned on, at the midpoint of the horizontal axis.
The closed-loop gain of the neutral-point regulator shown
in Fig. 3 was measured using a frequency response analyzer
[12]. The predicted closed-loop gain from the analytical model
developed in Section IV and the measured closed-loop gain are
shown in Figs. 14 and 15. The agreements between the small
signal model and the measurements are readily evident from
the figures.
In order to demonstrate the need for functional neutralpoint regulator for rectifier to ensure proper operation, the

Fig. 12. Key steady state operating waveforms of the active rectifier.
(Top) Pole A–Pole B voltage. (Bottom) Source A–B line–line voltage.

rectifier system was run with and without a neutral-point regulator. The results from these tests are illustrated in Figs. 16
and 17. When the rectifier is enabled, without the regulator, one
of the dc buses collapses while the other gets charged to the
total value (Fig. 16). Conversely, even if one of the buses is
initially completely discharged, the action of the neutral-point
regulator brings the two buses into balance (Fig. 17). This test
was carried out at a lower dc bus voltage, as abnormal behavior
was expected.
In addition to providing appropriate balancing of the neutralpoint potential to ensure proper operation of three-level rectifiers, the proposed neutral-point regulator also reduces the
triplen harmonic injection into the neutral point of the dc bus
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Fig. 13. Startup of active rectifier. Ch. 1: A–B line voltage; Ch 2: line current
(5 A/division); Ch C: current reference; Ch 4: dc-bus voltage.

Fig. 15. Predicted and measured loop gain (phase) of the neutral-point regulator loop.

Fig. 14. Predicted and measured loop gain (magnitude) of the neutral-point
regulator loop.

Fig. 16. Collapsing neutral-point voltage without regulator. Ch 3: upper
dc-bus voltage; Ch 4: lower dc-bus voltage.

stack. This not only reduces the ac voltage variation of the
neutral point but also reduces the ripple current loading of
the dc bus capacitor. This allows the use of a smaller dc bus
capacitor for the dc bus. This improvement obtained using the
regulator can be seen in Figs. 18 and 19. In these figures,
the phase current and the filtered neutral-point currents with
and without the proposed closed-loop regulator are shown. A
reduction of third harmonic current and a net reduction of the
peak-to-peak current are observed from the figures. A reduction
in third harmonic amplitude by a factor of three was measured
using a spectral analysis of the waveform as shown in Figs. 20
and 21.
The worst case rms neutral-point current can be shown to be
about 70% of the output current of the converter [13]. While the
simulated and constructed systems were based on film capacitors, most traditional converters use aluminum electrolytic cans

for dc link capacitance. For electrolytic capacitors, the allowable low-frequency current rating is far lower than the rating
at higher frequencies. Thus, the third harmonic neutral-point
current becomes the determining factor for sizing the capacitor
bank for three-level active rectifiers as its frequency is 150 or
180 Hz. Parallel electrolytic cans at the appropriate voltage
rating are added until the ripple rating is adequately satisfied.
The threefold reduction in the neutral-point current due to the
closed-loop regulator will directly reduce the number of parallel
cans, leading to a capacitor bank that is one third the size.
VII. C ONCLUSION
This paper proposes a neutral-point voltage regulator for a
three-level diode-clamped rectifier that uses a fast space-vector
modulator in conjunction with a sharing function controller.
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Fig. 17. Converging neutral-point voltage with regulator. Ch 3: upper dc-bus
voltage. Ch 4: lower dc-bus voltage.
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Fig. 19. Phase current (Ch 2, 2 A/division) and the filtered neutral-point
currents (Ch A, 0.5 A/division), with regulation.

Fig. 20. Measured spectrum of neutral-point current without neutral-point
regulation.
Fig. 18. Phase current (Ch 2, 2 A/division) and the filtered neutral-point
currents (Ch A, 1 A/division), no regulation.

This combined control approach does not compromise the dc
bus voltage regulation or the low THD unity power factor input
current synthesis function while maintaining tight regulation of
the neutral-point voltage even with a small dc-link capacitance.
The sharing function is used as a control handle to vary the
ratio of distribution of duty cycles over the two redundant states
available on the inner hexagons of the state plane. Closed-form
expressions are presented for the neutral-point current injection
as a function of the modulation index, the power factor, and
the sharing function variable. Similar expressions may also be
derived for the total dc bus current injection. Three distinct
operating modes are identified depending on the amplitude
of the reference vector and the corresponding expressions are
shown. By analyzing small signal models developed using
these closed-form expressions, closed-loop compensators may

be designed, which provide excellent performance and stability
for all three operating modes.
The traditional NTV method uses the nearest three vectors
to synthesize the output voltage reference and alternates the
redundant states for capacitor voltage balance. Thus, the duty
cycle of the redundant vector is equally divided among available redundant states. This method does not utilize the degree
of freedom provided by the redundancy as the sharing function
is fixed at 0.5, which is a subset of the closed-loop controller
with zero proportional gain. Comparing the operation of the
closed-loop regulator with the traditional NTV modulator by
simulation (Figs. 8 and 9), hardware oscilloscope measurement
(Figs. 18 and 19), and hardware spectrum analyzer measurement (Figs. 20 and 21), a significant improvement is seen in the
third harmonic current into the neutral point when the regulator
is used, and this leads to a definitive reduction in the required
dc bus capacitance. Other methods have been proposed [14]
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Fig. 21. Measured spectrum of neutral-point current with neutral-point
regulation.

that use redundancy at each switching instant to balance the
capacitors. These methods fall into the category of hysteretic or
bang-bang control as the choice of redundant state is directly
affected at every switching instant by the capacitor voltage
balance. In these methods, the sharing function can change
at the switching frequency, rendering averaging techniques
unusable; hence, they are considered to be outside the scope
of this work.
A detailed computer simulation of a three-level rectifier with
very modest dc bus capacitance is implemented in MATLAB
Simulink and neutral-point voltage waveforms are presented.
The functionality of the regulator and the small signal model
has been verified using a hardware prototype using steady state
and transient measurements.
The proposed strategy has been extended to sinusoidal PWM
strategies with multiple carriers and to other space vector modulation schemes producing effective neutral-point regulators,
and these results are available. The novel concept of controlling
redundant state choices via a continuous sharing function, and
then developing small signal models for closed-loop regulators
with this sharing function as the control variable, can also be
applied to regulate other system quantities.
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