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A Hysteresis Current-Regulated Control for
Multi-Level Drives

Keith A. Corzine, Member, IEEE

Abstract—Currently, most multi-level converters are controlled
through the use of voltage-source based control techniques such as
space-vector modulation or multi-level sine-triangle modulation.
However, in many applications such as field oriented drives, a high-
bandwidth current-source inverter based control is more desirable.
In this paper, the concept of a multi-level hysteresis current-source
control is set forth. The new control is experimentally verified using
a four-level converter / induction motor drive system and the re-
sults are compared to a space vector modulation controller. A dy-
namic study involving a step change in current command demon-
strates the controls high bandwidth.

Index Terms—Multi-level converters, space vector modulation,
voltage vectors, PWM, three-level converters, hysteresis current-
regulated control.

I. INTRODUCTION

T HE general trend in power electronics devices has been
to switch power semiconductors at increasingly high fre-

quencies in order to minimize harmonics and reduce passive
component sizes. However, the increase in switching frequency
increases the switching losses which become especially sig-
nificant at high power levels. Several methods for decreasing
switching losses have been proposed, and recently discussed [1],
including constructing resonant converters and multi-level con-
verters.

Resonant converters avoid switching losses by adding an
LC resonant circuit to the hard switched inverter topology.
The inverter transistors can be switched when their voltage is
zero, thus reducing switching losses. Examples of this type of
converter include the resonant DC link [2], and the auxiliary
commutated resonant pole converter [3]. One disadvantage of
resonant converters is that the inverter voltage or current peak
values are considerably higher than those of corresponding
hard switched devices, which increases the required device
ratings. In the case of the resonant DC link, the resonant circuit
causes the inverter voltage to oscillate between zero and twice
the DC source voltage. An additional disadvantage is that the
added resonant circuitry will increase the complexity and cost
ofthe inverter control.

Multi-level converters offer another approach to reducing
switching losses. In particular, these converters offer a high
number, of switching states so that the inverter output voltage
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can be “stepped” in smaller increments [4],[5],[6]. This allows
excellent power quality operation at a low switching frequen-
cies and thus low switching losses. In addition, Electromagnetic
Compatibility (EMC) concerns are reduced through the lower
common mode current facilitated by lower dv/dt’s produced
by the smaller voltage steps. The primary disadvantage of
these techniques is the large number of active semiconductors
required.

Controlling multi-level converters presents an interesting
problem since there are a large number of transistor devices to
be switched. Most control methods are based on an extension
of two-level converter control methods such as space vector
modulation (SVM) [4],[7] or sine-triangle modulation [8],[9],
[10]. SVM methods involve little hardware, but extensive
computation is required especially for converters with a high
number of levels. The computation can be performed off-line
and the resulting transistor gating signals can be stored in
EPROM’s [7]. The EPROM storage method, however, does
not readily handle dynamically changing values of commanded
voltage. Extending sine-triangle modulation to multi-level
converters involves using triangle carrier signals for
comparison to the sinusoidal voltage references [8],[9], [10].
Although this control requires analog hardware components,
it has the advantage of conceptual simplicity which allows
straightforward extension to converters with a large number
of levels. Furthermore, dynamically changing values of com-
manded voltage are automatically handled.

Although these multi-level extensions of both space-vector
modulation and sine-triangle modulation provide a means
to operate multi-level converters in a voltage-source based
mode, it is often desirable to operate these converters in a
current-source mode in high bandwidth applications such as
field oriented drives [11], [12], [13]. Current-source mode
operation also has the advantage of better over-current pro-
tection since the currents are directly regulated. The main
disadvantage of current-source controls is that the controller
does not directly determine the switching frequency. This
paper sets forth the concept of a novel current-source hysteresis
control for multi-level converters based on an extension of
two-level hysteresis control. In the control development, it is
assumed that the multi-level converter capacitor voltages are
supplied from isolated sources as would be the case in industrial
applications where the source is a transformer with several
secondary windings or in battery power applications such as
electric vehicle or torpedo drives. If the application requires
a single DC source, capacitor balancing can be accomplished
using the proposed control with the addition of a redundant
state selector. For three-level converters capacitor voltage

0885–8969/00$10.00 © 2000 IEEE
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Fig. 1. Four-level converter topology.

balancing can be achieved over the full range of operation [14].
For four-level drives capacitor balancing is achieved over a
limited range of voltage modulation index [5]. The proposed
control differs from other proposed multi-level current-regu-
lated control methods for four-level [15], [16] and three level
[14], [17] converters in that it does not depend on the machine
parameters. The proposed control also differs from another
type of current-regulated control [11] in that it is based on the
hysteresis principle. Finally, the proposed control differs from
most of the previously mentioned methods [11], [15], [16], [17]
in that it is expenmentally verified.

II. M ULTI-LEVEL CONVERTERS

Although any number of levels are possible, multi-level
converters will be described using the four-level converter
topology shown in Fig. 1. Therein, the capacitors split the
dc rail voltage allowing four different voltage levels to be
selected for the phase-to-ground voltages , and
depending on the inverter gating signals. For example, the
voltage will be 0 if transistors through are gated
on, if transistors through are gated on, if
transistors through are gated on, and if transistors

through are gated on. In general for an-level inverter,
the phase-to-ground voltages can be expressed as

(1)

where represents the phase which can be , or , and
represents the phase level selected by the gating signals as de-
scribed above. For the purpose of discussing the multi-level con-
verter, it is convenient to define the switching state as a function
of the phase-to-ground voltage levels. In particular,

(2)

Fig. 2. Voltage vector plot for the four-level converter.

The number of possible switching states for a multilevel con-
verter is given by

(3)

where is the number of phase legs. For the three-phase four-
level converter, the number of possible switching states is

.
The voltage applied to the machine stator winding can be cal-

culated in the same manner as with a standard six-transistor
inverter since the machine connections to the inverter are the
same, and the machine is wye connected. The stator voltages
are thus given by [18]

(4)

(5)

(6)

The stator voltage vectors achievable from the switching states
can be plotted by transforming the- - and -phase stator volt-
ages to the - and -axis stationary reference frame. The trans-
formation to the arbitrary reference frame is given by [18]

(7)

(8)

In the stationary reference frame,is zero.
Fig. 2 depicts the plot of the stator voltage vectors for the

four-level converter. Each vector is numbered where
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Fig. 3. Space vector modulation for the four-level converter.

is the switching state which will produce the voltage vector.
The phase-to-ground voltages can be determined for a partic-
ular voltage vector in Fig. 2 by converting the switching state
number into base four mathematics (or basein general for
the -level converter). For example, switching state
is 330 in base four. Switching the-phase to level , the
-phase to level , and the -phase to level will

produce the switching state . As can be seen, there are
only 37 unique voltage vectors produced from the 64 switching
states due to switching state redundancy.

III. M ULTI-LEVEL SPACE VECTORMODULATION

The SVM method consist of pulse width modulation (PWM)
switching to the available voltage vector in the- stationary
plane in order to approximate a commanded voltage vector.
Fig. 3 shows the voltage vector diagram for a four-level
converter along with the complex time-varying commanded
voltage vector which follows the path indicated by the circle.
Although the path could be arbitrary, a circular commanded
voltage vector is chosen in the- plane since it results in
balanced three-phase sinusoidal voltages in the time domain.
Under these conditions, the commanded voltage vector is
defined by

(9)

where is the rated RMS value of the stator voltage andis
the rated electrical frequency in radians per second.

The first step in the space vector modulation strategy is to ap-
proximate the commanded voltage vector by the discrete vector

(10)

In (10), is the number of discrete voltage vectors per cycle
and is referred to as the pulse number. In Fig. 3, the pulse number
is 36 and the discrete voltage vectorsare represented by the
open circles along the path of the commanded voltage.

Since there are discrete vectors in one cycle of the funda-
mental frequency , the portion of time allocated by the con-
troller for each discrete vector is

(11)

This time shall be referred to as the sampling time.
The next step is to approximate each discrete commanded

voltage vector by PWM switching to the nearest three voltage
vectors [19]. In Fig. 3 for example, to approximate the vector,
the PWM switching is done between the three nearest vectors
labeled , and . The times spent at each vector must
be computed so that the fast average of the switching of the three
vectors is the desired vector or

(12)

The total time spent to approximate the vectoris the sampling
time

(13)

Writing the real and imaginary parts of (12) along with (13) in
matrix form yields

Re Re Re
Im Im Im

Re
Im

(14)
Equation (14) can be solved for , and given the com-
manded voltage vector and the three nearest voltage vectors.

The order in which to switch from one nearest voltage vector
to another can selected to minimize the switching frequency
[19], avoid narrow transistor gating signals [4], or balance the
input capacitor voltages [4], [5]. The sequence used herein in-
volves switching to then then then (abbreviated
as ). For this sequence, the time must
be split since the converter is switched to the vectortwice.
The time can be split evenly or as a function of the angle of.
It has been shown for two-level converters that the way that
is split has a noticeable effect on the resulting waveforms [20].
For the studies considered herein, the time is split evenly.
The transistor gating signals are determined from the switching
sequences and switching times.

The switching time and gating signal calculations can be
determined on-line using a fast microcomputer or computed
off-line and stored in the controllers available memory. The
advantage of computation on-line is that flexibility is provided
for obtaining arbitrary values of commanded voltage,
although an approximate method for incorporating an arbitrary
commanded voltage using controller memory storage has been
proposed [7]. The advantage of storing the computations in
controller memory is that hardware construction is simpler. For
the comparisons that follow, the PWM switching sequences are
computed off-line and the transistor gating signals are stored in
EPROM’s for a fixed value of commanded voltage magnitude.

IV. M ULTI-LEVEL HYSTERESISCURRENT-REGULATION

The objective of standard two-level hysteresis current-regu-
lated control is to switch the inverter transistors in a particular
phase so that the current in that phase tracks a reference current
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Fig. 4. Switching state diagram for then-level hysteresis current-regulated
control.

within a specified tolerance or hysteresis level [12]. If the
phase current becomes greater than the reference current by an
amount equal to the hysteresis level, the phase is switched to
its lowest level in order to decrease the current. Like-
wise, if the phase current becomes less that the reference cur-
rent by a value of , the phase is switched to its highest level

in order to increase the current. The reference currents
for the - - and -phase are typically determined in the
- synchronous reference frame by a supervisory control and

transformed to machine variables.
The extension of the two-level hysteresis control algorithm to

the multi-level case is based on defining a set of hysteresis
levels. Denoting the maximum allowable excursion of the actual
current from the desired current as the hysteresis level ,
the remaining hysteresis levels are computed from

(15)

As with the two-level hysteresis control, the switching for a par-
ticular phase is governed by that phase’s current error which is
defined by

(16)

When the current error is positive, the controller decreases the
level of phase by one each time the error crosses a hysteresis
level. Likewise, the phase level is increased when the current
error is negative and crosses a hysteresis level. The general

-level switching state diagram for this operation is shown
in Fig. 4. In hardware, this switching state diagram is imple-
mented, for each phase, using several operational amplifiers
[21]. The switching principle of Fig. 4 is demonstrated in Fig. 5
which shows the idealized reference and actual-phase currents
of a four-level converter. The-phase voltage level is shown to
illustrate the converter switching. Note that, as presented, the

-level hysteresis control reduces to the two-level case.
From Fig. 4, it can be seen that smaller hysteresis switching

cycles are possible (such as switching between and
). These smaller switching cycles cause a slight current

error. For systems where the current commands are dependent
on the machine variables, such as field oriented controllers [22],
an additional control loop must be added to correct for the error.
The synchronous current regulator [23] shown in Fig. 6 imple-
ments the required corrective action. Therein,and repre-
sent the commanded currents in the- synchronous reference
frame determined by a supervisory control such as a field ori-
ented controller. These currents are compared to the measured
- and -axis currents which are computed from the measured

machine variable currents by the transformation [18]. The
current errors actuate integral controls which determine the ref-

Fig. 5. Operation of the four-level hysteresis current-regulated control.

Fig. 6. Synchronous current regulator.

erence currents and . The integral controls must be limited
in order to avoid windup in situations where the error does not
go to zero in the steady-state. The reference currents are trans-
formed to machine variables to produce the reference currents

required by the hysteresis control. When implementing the
synchronous current regulator, it is important to set the inte-
gral gain so that the added control loop does not signifi-
cantly effect the system dynamics. Note that the integral con-
trol attenuates signals that are higher thanrad/sec. Since
the integral control should not operate on the high-frequency
switching of the hysteresis control reflected in the measured and
axis currents, it is important to set to a frequency much lower
than that of the hysteresis current regulator switching frequency.
With the gain selected as mentioned, the synchronous current
regulator will trim out the current error without effecting the
system dynamic performance. Simulation results on a four-level
/ induction motor drive system indicate that the synchronous
current regulator reduces the current error from 2.4% to zero.

V. EXPERIMENTAL VERIFICATION

The four-level SVM and hysteresis controls were tested
and compared using a laboratory system consisting of a
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TABLE I
3.7 kW INDUCTION MACHINE PARAMETERS

Fig. 7. Four-level converter performance using SVM control.

reconfigurable IGBT converter and a 4-pole 3.7 kW induction
machine with the parameters listed in Table I. The dc capacitor
voltages were supplied from isolated rectified three-phase
sources. For the studies presented herein, the SVM control
technique was used to create phase voltage waveforms with a 60
Hz, 187.8 V peak fundamental component. For the hyseteresis
control, a sinusoidal reference current waveform was used
without the synchronous current regulator. The magnitude ofthe
hysteresis control reference cunent was set so that the resulting
RMS current matched that of the SVM control (14.4A). The
induction machine was operated at a speed of 183.3 rad/sec. In
order to provide a baseline for comparison of the two control
methods, the current THD was set to 5.8% by settling the pulse
number of the SVM control to 36 and the hysteresis level of
the hysteresis control to 1.6A.

Figs. 7 and 8 show thea-phase induction motor waveforms
and the voltage vectors utilized respectively for the system using
SVM control. Figs. 9 and 10 show the same waveforms and
vector plots for the system using hysteresis current-regulated
control. It should be pointed out that these waveforms are mea-
sured directly at the output of the inverter without additional
power filtering circuitry, however, this filtering could be added
[24]. In the case of the voltage vectors utilized, the plots are
determined for one 60 Hz cycle. As expected, the voltage wave-
form of the SVM control is more regular than that for the hys-
teresis control since the voltage vectors are computed off-line
whereas the hysteresis control switching depends on the current
error. It can be seen from the voltage vector plots that the con-
verter sometimes appears to switch to vectors that are not pos-
sible considering the voltage vector plot of Fig. 2. This is due
to measurement noise which not generated to the control algo-
rithm. It should also be pointed out that the vectors are slightly

Fig. 8. Voltage vectors utilized by the SVM control.

Fig. 9. Four-level converter performance using hysteresis current regulation.

displaced from their expected positions due to semiconductor
voltage drops that were not taken into account when producing
Fig. 2. Table II shows the voltage THD’s and switching frequen-
cies of the two control methods. The THD was determined by
storing the waveforms on a digital oscilloscope and evaluating
the THD using [12]

THD (17)

where and are the RMS value and fundamental
component of the voltage waveform respectively. The switching
frequencies are listed in order of . The switching
frequencies of the transistors , , and are identical to
those of transistors , and respectively.

In the case of the hysteresis control the switching is not
predetermined and the switching frequencies were computed
by averaging over six cycles. It is interesting to observe that
the switching frequencies of the hysteresis control are lower



174 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 15, NO. 2, JUNE 2000

Fig. 10. Voltage vectors utilized by hysteresis current regulation.

TABLE II
CONTROLLER PERFORMANCEMEASUREMENTS

Fig. 11. Hysteresis current regulation performance during a step change in
commanded current.

than those of the SVM control although the voltage and current
THD’s are similar.

In order to demonstrate the high bandwidth feature of hys-
teresis current-regulated control the controller performance was
tested with a step change in current command. Fig. 11 shows
the -phase commanded and measured current of the induction
motor drive system when the current command is stepped from
half rated value to full rated value (14.4 Arms). As can be seen,
the control has excellent response to the step input.

VI. CONCLUSION

A new type of multi-level control is proposed which involves
extending hysteresis current-regulation to then-level converter.
Although the control is implemented using analog circuitry (as
compared to the digitally implemented SVM method), it has the
advantage of conceptual simplicity. This is especially important
for converters with a high number of voltage vectors. The con-
trol was verified experimentally using a four-level converter /
induction machine drive and compared to the SVM technique.
It was found that the hysteresis control had a slightly higher
voltage THD but a lower switching frequency than the SVM
control for the same amount of current THD. It was also shown
that the proposed control has fast dynamic response to a step
change in current command which is characteristic of two-level
hysteresis current controllers.
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