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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 can be “stepped” in smaller increments [4],[5],[6]. This allows
through the use of voltage-source based control techniques such asexcellent power quality operation at a low switching frequen-
space-vector modulation or multi-level sine-triangle modulation. - ¢iag and thus low switching losses. In addition, Electromagnetic
However, in many applications such as field oriented drives, a high- C tibility (EMC d d tF} h the |
bandwidth current-source inverter based control is more desirable. ~0MPatbility ( ) Concerrjs are reduce roug'; e lower
In this paper, the concept of a multi-level hysteresis current-source COmmon mode current facilitated by lower dv/dt's produced
control is set forth. The new control is experimentally verified using by the smaller voltage steps. The primary disadvantage of
a four-level converter / induction motor drive system and the re-  these techniques is the large number of active semiconductors
sults are compared to a space vector modulation controller. A dy- required
namic study involving a step change in current command demon- Cont '”. lti-] I t ¢ int fi
strates the controls high bandwidth. ontrolling 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
. INTRODUCTION computation is required especially for converters with a high

HE general trend in power electronics devices has beBHMber of levels. The computation can be performed off-line
to switch power semiconductors at increasingly high fréind the resulting transistor gating signals can be stored in

quencies in order to minimize harmonics and reduce passRBROM's [7]. The EPROM storage method, however, does
component sizes. However, the increase in switching frequerit§t réadily handle dynamically changing values of commanded
increases the switching losses which become especially sf§ltage. Extending sine-triangle modulation to multi-level
nificant at high power levels. Several methods for decreasif§nverters involves using — 1 triangle carrier signals for
switching losses have been proposed, and recently discussesgli nparison to the sinusoidal voltage references [8],[9], [10].
including constructing resonant converters and multi-level cofflthough this control requires analog hardware components,
verters. it has the advantage of conceptual simplicity which allows

Resonant converters avoid switching losses by adding siraightforward extension to converters with a large number
LC resonant circuit to the hard switched inverter topolog{f levels. Furthermore, dynamically changing values of com-
The inverter transistors can be switched when their voltagel&nded voltage are automatically handled.
zero, thus reducing switching losses. Examples of this type ofAlthough these multi-level extensions of both space-vector
converter include the resonant DC link [2], and the auxiliadpodulation and sine-triangle modulation provide a means
commutated resonant pole converter [3]. One disadvantagd®foperate multi-level converters in a voltage-source based
resonant converters is that the inverter voltage or current péaRde, it is often desirable to operate these converters in a
values are considerably higher than those of correspondfigrent-source mode in high bandwidth applications such as
hard switched devices, which increases the required devft@d oriented drives [11], [12], [13]. Current-source mode
ratings. In the case of the resonant DC link, the resonant circ@Reration also has the advantage of better over-current pro-
causes the inverter voltage to oscillate between zero and twiggtion since the currents are directly regulated. The main
the DC source voltage. An additional disadvantage is that tfisadvantage of current-source controls is that the controller
added resonant circuitry will increase the complexity and cod¢es not directly determine the switching frequency. This
ofthe inverter control. paper sets forth the concept of a novel current-source hysteresis

Multi-level converters offer another approach to reducin@ontm' for multi-level converters based on an extension of
switching losses. In particular, these converters offer a hiéwo-level hysteresis control. In the control development, it is

number, of switching states so that the inverter output voltag&éSumed 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

Manuscript received September 3, 1998; revised February 23, 1999. Tﬁ%con_dary Wlndlngs orn bat.tery power appl!cat!ons Such as
work was supported by LCDR Clifford A. Whitcomb and the Office of Navaklectric vehicle or torpedo drives. If the application requires

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

Research under Grant NO0014-96-1-0522. a single DC source, capacitor balancing can be accomplished
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gineering and Applied Science, Milwaukee, WI 53201. using the proposed control with the addition o a_re undant
Publisher Item Identifier S 0885-8969(00)04518-6. state selector. For three-level converters capacitor voltage
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Fig. 2. Voltage vector plot for the four-level converter.

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

Fig. 1. Four-level converter topology.
Nsw = (n)". ©)
balancing can be achieved over the full range of operation [14}herep is the number of phase legs. For the three-phase four-
For four-level drives capacitor balancing is achieved over|gye| converter, the number of possible switching states,is=
limited range of voltage modulation index [5]. The proposeg.

control differs from other proposed multi-level current-regu- The voltage applied to the machine stator winding can be cal-
lated control methods for four-level [15], [16] and three lev@dyjated in the same manner as with a standard six-transistor
[14], [17] converters in that it does not depend on the machifigerter since the machine connections to the inverter are the
parameters. The proposed control also differs from anothg{me, and the machine is wye connected. The stator voltages
type of current-regulated control [11] in that it is based on thge thus given by [18]

hysteresis principle. Finally, the proposed control differs from 2 1 1
most of the previously mentioned methods [11], [15], [16], [17] Yas = 3lag = 3Wg = Jlcq 4)
in that it is expenmentally verified.
2 1 1
Il. MULTI-LEVEL CONVERTERS Vs = 3Vag = GVag — FVeq ®)
Although any number of levels are possible, multi-level
converters will be described using the four-level converter ) 1 1
topology shown in Fig. 1. Therein, the capacitors split the Ves = Ve = 3Vag = 3lg- (6)

dc rail voltage allowing four different voltage levels to b
selected for the phase-to-ground voltaggs, vs,, and v,
depending on the inverter gating signals. For example, t
voltagew,, will be O if transistorsly, through1,¢ are gated
on, Lvg if transistorsT,s throughZy,; are gated onZvy if

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

transistorsl,, through, 4 are gated on, and,, if tra'nsistors v, = 2 <vas cos(#) + vy, COS <9 — 2_7r>

T,, throughT,s are gated on. In general for anlevel inverter, 3 3
-to- 2

the phase-to grourl\d voltages can be expressed as o cos < o4 ?W )) @
Vpg = ﬁvdc lm :0, 1, (71—1) (1)

s
Vys =

[OCN I )

. . 27
wherez represents the phase which candé, or ¢, andl,, <U“5 sin(f) + vy, sin <9 B ?)
represents the phase level selected by the gating signals as de- -
scribed above. For the purpose of discussing the multi-level con- +ves Sin <9 + ?>> . (8)
verter, itis convenient to define the switching state as a functi

. Mihe stationary reference frameijs zero.
of the phase-to-ground voltage levels. In particular,

Fig. 2 depicts the plot of the stator voltage vectors for the
sw = (n)%l, + (n)'l + (n)°L.. (2) four-level converter. Each vector is numbereg, where sw
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-V Since there argn discrete vectors in one cycle of the funda-
mental frequency., the portion of time allocated by the con-
troller for each discrete vecto is
27
ts = .

Pk We
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 vecfor
the PWM switching is done between the three nearest vectors
labeledv,:, v1, andv.;. The times spent at each vector must
be computed so that the fast average of the switching of the three
vectors is the desired vecto}f or

takVak + torUbk + tekVek = tsVg. (12)

The total time spent to approximate the veetpis the sampling
time

11)

ts = tor + tor + Lok (13)

Fig. 3. Space vector modulation for the four-level converter.

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

is the switching state which will produce the voltage vectorrT.]amX form yields

The phase-to-ground voltages can be determined for a partict R&(var) Re(vir) Re(ver) | | tar tsRe(U;E)
ular voltage vector in Fig. 2 by converting the switching state | IM(var) 1M(ver)  IM(ver) | | tor | = | tsIM(vf)
numbersw into base four mathematics (or basen general for 1 1 1 tek ts

(14)
Equation (14) can be solved feys, ¢z, andt.; given the com-
manded voltage vector and the three nearest voltage vectors.
The order in which to switch from one nearest voltage vector
another can selected to minimize the switching frequency
9], avoid narrow transistor gating signals [4], or balance the
input capacitor voltages [4], [5]. The sequence used herein in-
volves switching tasqx thenwv,y thenv., thenv,, (abbreviated
aSUak — Upk — Vek — Ugk). FOr this sequence, the tinig, must
The SVM method consist of pulse width modulation (PWMbpe split since the converter is switched to the veetartwice.
switching to the available voltage vector in thel stationary The time can be split evenly or as a function of the angle;of
plane in order to approximate a commanded voltage vectfithas been shown for two-level converters that the way#hat
Fig. 3 shows the voltage vector diagram for a four-levés split has a noticeable effect on the resulting waveforms [20].
converter along with the complex time-varying commandefebr the studies considered herein, the tilpeis split evenly.
voltage vectow* which follows the path indicated by the circle.The transistor gating signals are determined from the switching
Although the path could be arbitrary, a circular commandesgquences and switching times.
voltage vector is chosen in thed plane since it results in  The switching time and gating signal calculations can be
balanced three-phase sinusoidal voltages in the time domaletermined on-line using a fast microcomputer or computed
Under these conditions, the commanded voltage vector dff-line and stored in the controllers available memory. The
defined by advantage of computation on-line is that flexibility is provided
' for obtaining arbitrary values of commanded voltagg,
vt = V20,607t (9) although an approximate method for incorporating an arbitrary
commanded voltage using controller memory storage has been
wherew;, is the rated RMS value of the stator voltage ands proposed [7]. The advantage of storing the computations in
the rated electrical frequency in radians per second. controller memory is that hardware construction is simpler. For
The first step in the space vector modulation strategy is to apre comparisons that follow, the PWM switching sequences are
proximate the commanded voltage vector by the discrete vectamputed off-line and the transistor gating signals are stored in
EPROM's for a fixed value of commanded voltage magnitude.

the n-level converter). For example, switching state = 60
is 330 in base four. Switching thephase to level, = 3, the
b-phase to level, = 3, and thec-phase to level. = 0 will
produce the switching statev = 60. As can be seen, there are
only 37 unique voltage vectors produced from the 64 switchiﬁ?
states due to switching state redundancy. [

I1l. M ULTI-LEVEL SPACE VECTORMODULATION

v = \/ﬁvscj(%k"'%) E=1,2...pn. (10)

In (10), pn is the number of discrete voltage vectors per cycle IV. MULTI-LEVEL HYSTERESISCURRENT-REGULATION
andisreferred to as the pulse number. In Fig. 3, the pulse numbefhe objective of standard two-level hysteresis current-regu-
is 36 and the discrete voltage vectojsare represented by thelated control is to switch the inverter transistors in a particular

open circles along the path of the commanded voltage. phase so that the current in that phase tracks a reference current
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beerr ™ h(n-I) Lyerr~ h(n-z) lyerr™ h]
CHOURRER
Iyerr < -h lrerr < 2 brerr < 1) iyths
i*+h
Fig. 4. Switching state diagram for thelevel hysteresis current-regulated ‘as " "2
control. i*+h
Ls™hy

1%, within a specified tolerance or hysteresis level [12]. If th fas
phase current becomes greater than the reference currentb ; «_p
amount equal to the hysteresis lefiethe phase is switched to %
its lowest levell, = 0 in order to decrease the current. Like: ighy - N
wise, if the phase current becomes less that the reference « ;* .-~
rent by a value of, the phase is switched to its highest leve *

[, = 1 in order to increase the current. The reference CUITeI] ovell O 1 2 3 2 1 0
for the a- b- and c-phasei*, . are typically determined in the a4

abes

q-d synchronous reference frame by a supervisory control aﬁ@. 5. Operation of the four-level hysteresis current-regulated control.
transformed to machine variables.

The extension of the two-level hysteresis control algorithm t Tee "
the multi-level case is based on defining a set ef1 hysteresis i i a 9 Labes
levels. Denoting the maximum allowable excursion of the actu. &Ky —
current from the desired current as the hysteresis leyel,),

the remainingy — 2 hysteresis levels are computed from
)
hy = ———h(n_ i=1,2,...,(n—2). 15
moplen (n—2) (15) ise
As with the two-level hysteresis control, the switching for a par
ticular phase is governed by that phase’s current error which
defined by

Labes

iacerr = L:;S - Lacs (16)

When the current error is positive, the controller decreases t
level of phaser by one each time the error crosses a hysteresis

] ! L Fllﬂ. 6. Synchronous current regulator.
level. Likewise, the phase level is increased when the curre

error is negative and crosses a hysteresis level. The gener

al ek “ex H imi
n-level switching state diagram for this operation is show?lrenge cturremz% ap(ﬁqs.?rhe_tlnt(igral corr:trolstrr]n ustbe Ic;mned t
in Fig. 4. In hardware, this switching state diagram is implé[‘ order to avoid windup In situations where the error does no

mented, for each phase, using several operational amplifigj%to zero in the steady-state. The reference currents are trans-

[21]. The switching principle of Fig. 4 is demonstrated in Fig. rmed to_ machine variables_to produce the r_eference gurrents
which shows the idealized reference and actgahase currents Lase; r€Quired by the hysteresis control. When implementing the

of a four-level converter. The-phase voltage level is shown tosynchronous current regulator, it is important to set the inte-

illustrate the converter switching. Note that, as presented, t%@l gainK; so that the added control loop does not signifi-

n-level hysteresis control reduces to the two-level case. cantly effect the system dynamics_. Note that the i”“"gfa' con-

From Fig. 4, it can be seen that smaller hysteresis switchi : attenuates signals that are higher thin rad/sec. Since
cycles are possible (such as switching betwéen= 0 and the integral control should not operate on the high-frequency
I, = 1). These smaller switching cycles cause a slight Curre§]\1[vitching of the hysteresis control reflected in the measured and
« = 1). :

error. For systems where the current commands are depen (;E”ter}ttsr; 't;]S |Tport§mt to SE‘% to a{rfqueniyt:nuc? lower
on the machine variables, such as field oriented controllers [2 anthatotthe nysteresis current reguiator switching frequency.
ith the gain selected as mentioned, the synchronous current

an additional control loop must be added to correct for the err

The synchronous current regulator [23] shown in Fig. 6 implé(?gt"":ltodr wil t.“m OIth the currgnt elrr?_r W|thou|;c effectfmg tlhe |
ments the required corrective action. Theréjh,and:f; repre- system dynamic performance. simutation resuils on a tour-ieve

. . . . -
sent the commanded currents in the synchronous reference/ induction motor drive system indicate that the synchronous
urrent regulator reduces the current error from 2.4% to zero.

frame determined by a supervisory control such as a field ofi
ented controller. These currents are compared to the measured
g- andd-axis currents which are computed from the measured

machine variable currents by the transformatioh [18]. The The four-level SVM and hysteresis controls were tested
current errors actuate integral controls which determine the ralhd compared using a laboratory system consisting of a

V. EXPERIMENTAL VERIFICATION
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TABLE |
3.7 kW INDUCTION MACHINE PARAMETERS

Table I. 3.7 kW induction machine parameters.
P=4 m = 64.43 mH
rs=0.3996 Q Ly =573 mH
rr=0.3996 Q L, =4.64 mH
300
5 msec.
v(IS (V) 0
-300-
251

i,(A) 0 M\ A / -250
\\‘\W/ \\‘V/ Fig. 8. \oltage vectors utilized by the SVM control.

.25
300

Fig. 7. Four-level converter performance using SVM control. 5 msec.

reconfigurable IGBT converter and a 4-pole 3.7 kW inductiov, (V) 0

machine with the parameters listed in Table |. The dc capacit

voltages were supplied from isolated rectified three-pha:

sources. For the studies presented herein, the SVM cont -3004

technique was used to create phase voltage waveforms with & 25+

Hz, 187.8 V peak fundamental component. For the hysetere

control, a sinusoidal reference current waveform was usi /

without the synchronous current regulator. The magnitude oftl; (A) ¢

hysteresis control reference cunent was set so that the resuli

RMS current matched that of the SVM control (14.4A). The \“w/ \“M//

induction machine was operated at a speed of 183.3 rad/sec 2254

order to provide a baseline for comparison of the two control

methods, the current THD was set to 5.8% by settling the pul'é‘é- 9. Four-level converter performance using hysteresis current regulation.

number of the SVM control to 36 and the hysteresis level of

the hysteresis control to 1.6A. displaced from their expected positions due to semiconductor
Figs. 7 and 8 show tha-phase induction motor waveformsvoltage drops that were not taken into account when producing

and the voltage vectors utilized respectively for the system usiRfgy. 2. Table Il shows the voltage THD’s and switching frequen-

SVM control. Figs. 9 and 10 show the same waveforms amibs of the two control methods. The THD was determined by

vector plots for the system using hysteresis current-regulaistdring the waveforms on a digital oscilloscope and evaluating

control. It should be pointed out that these waveforms are mehae THD using [12]

sured directly at the output of the inverter without additional T RS =02
power filtering circuitry, however, this filtering could be added THD(vgs) = Yas ~ Yas1 17)
[24]. In the case of the voltage vectors utilized, the plots are Vas1

determined for one 60 Hz cycle. As expected, the voltage waweherel,,, RM S andwv,,; are the RMS value and fundamental
form of the SVM control is more regular than that for the hyssomponent of the voltage waveform respectively. The switching
teresis control since the voltage vectors are computed off-lifrequencies are listed in order ©f1/7,3/7,5. The switching
whereas the hysteresis control switching depends on the curfeetiuencies of the transistdi., 1,4, and, are identical to
error. It can be seen from the voltage vector plots that the cahese of transistors,;, 7,1, and7,3 respectively.

verter sometimes appears to switch to vectors that are not posin the case of the hysteresis control the switching is not
sible considering the voltage vector plot of Fig. 2. This is dugredetermined and the switching frequencies were computed
to measurement noise which not generated to the control al¢py- averaging over six cycles. It is interesting to observe that
rithm. It should also be pointed out that the vectors are slightllzge switching frequencies of the hysteresis control are lower
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Fig. 10. \oltage vectors utilized by hysteresis current regulation.

TABLE 1l

CONTROLLER PERFORMANCEMEASUREMENTS

Table II. Controller performance measurements.
THD(vas) JSsw (Hz)
SVM 23.7% 600 /400 /600
Hysteresis 252 % 530/160/535
25 20 msec.
NN
-25
25
i (A) JANA /\ [\ /

Fig. 11.
commanded current.

than those of the SVM control although the voltage and curren[t11

THD’s are similar.

In order to demonstrate the high bandwidth feature of hys-
teresis current-regulated control the controller performance wi
tested with a step change in current command. Fig. 11 sho

°vvvv\/\/

Hysteresis current regulation performance during a step change in

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

VI. CONCLUSION

A new type of multi-level control is proposed which involves
extending hysteresis current-regulation totHevel 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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