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Abstract—Multilevel inverters are suited for high
power drive applications due to their increased voltage
capability. A four level inverter is able to synthesize
better waveforms and attain higher voltages while
reducing the device ratings. While converter device count
and KVA are high, a conventional diode bridge rectifier is
2 low cost multilevel drive solution for the input rectifier
if suitable inverter side dc voltage balancing schemes can
be devised. This paper investigates the operation of four
level rectifier/inverter based drives under commonly used
modulation schemes. Link voitage balancing and output
voltage capability are analyzed for a four level inverter.
Simulation results arc presented to verify the link voltage
balancing strategy in the absence of any balancing action
from the rectifier,

L. INTRODUCTION.

Multilevel inverters are based on the neutral point clamped
inverier topology first proposed by Nabae et al [1]. For high
power drive applications, three level inverter based drives
and control scheme have been extensively studied [2-6). The
trend towards a greater number of levels is necessitated by
advantages of higher voltage ratings. For example, 1200V
devices are normally required in a conventional VSI with a
DC bus voltage of 600V whereas using the same devices and
a three level inverter, the DC bus can be rated at 1200V,
With a four level invener, the DC bus voltage can be raised
to 1800V. Thus, there are clear advantages to using
muitilevel inveriers especially when the voltages can be
raised sufficiently high enough to eliminate transformers.

Associated with multilevel inverter based drives is the
problem of DC link voltage balancing. However, redundant
states offer a method of redistributing the charge amongst the
DC capacitors. The severity of the problem varies with the
application. In case of stalic var compensation, voltage
balancing is much easier since the power flow is essentially
reactive. It is possible to regulate the link voltages using a
low frequency switching scheme and propesly selecting the
redundant states. In drive applications, the avaitability of
redundant states will determine whether the link voltages can
be balanced. Also, it is not always possible to balance the
link voltages at every switching event.

In drive applications, real power flow leads (o the drift of
the link ‘neutral’ voltages in a multilevel DC bus. Capacitor

voltages can be balanced with the help of an active rectifier as
discussed in [7,8,9]. Additionally, with an active rectifier, the
DC voltage is reduced and the inverter modulation is
relatively unconstrained by voltage balancing requircments.
The drawback of this approach is that there are now two
active converters which increases the cost of the drive
system. Partially active rectifier topologies as in [7] are
compromise solutions which have a lower kVA rating than a
fully active rectificr and a lower power ransfer capability.

In this paper, the passive solution for comnecting a
multilevel DC bus to the utility - i.e. a diede bridge rectifier
front end is considered since it represents the simplest
configuration of the multilevel drive. For example, a fully
active 4 level rectifier/inverter system has a nominal total
device kVA rating of 24V,.1, ... a pantially active four level
rectifier-four level inverter has a device kVA rating of
22V 4 1 e Whereas a diode rectifier-four level inverter system
has a total device kVA rating of I8V, .. For larger drives,
the cost benefits of reduced device kVA may prove
advantageous especially when utility harmonic currents may
be reduced by active filters.

. THE FOUR LEVEL INVERTER.

Of the three prominent multilevel topologies, the diode
clamped inverter topology has been found to be suitable for
drive applications primarily because of reduced component
device ratings and count [10] though the cascaded H bridges
topology [11] is extremely modular and robust for practical
applications. The four level diode clamped inverter is the
only topology discussed further. (Fig. 1).
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Fig. 1 Four level inverter (diode clamped topology).
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Fig. 2 Four level inverter switching states in dg0 plane.

Fig. 2 shows the switching states of a four level inverter in
the dq0 piane which are obtained according to the
transformation equations:

2 hy, + hy b,

., +h +h
n(h,,,r-,,.hc)mf—-—;—f- (n

Therefore, in a three phase four level inverter there are 64
switching states and can be classified [12] based on their
properties as shown in fig. 3. Using the Dirac delta function,
the phase A pole voltage can be writien in terms of capacitor
voltages as:

Yao =0(hg—I)Vep + 8(hy 2 Ve +Vea)+ @
8(ha=3)Ve+Vea+Vey)

h, is the phase A switching function. #, =0, /, 20r 3. |
can be deduced by KCL that I, + I; + I, + I; = 0. Therefore:

8(h, —0)+8(hy = 1)+ 8(hg=2)+8(hy—3)=1 3)

Phase B and C pole voltages can be expressed similarly.
The inverter DC node currents can then be represented as:

Ipc(ty= H(t)l (1) @

Inctty=[Io(t) L) L) L] and

Tat)=[ia) i) i)
8(h,—0) B(hy—0)

5(h.—0)

- S(h,=1) &(hy=1)
and H(t)=
S(h,~2} 8(hy-2)

S(h,~ 1)
8(h,-2)
S(h,—3) &(h,~3) b(h.-3)
For a three wire load i, + iy, + i, = 0, s0 (4) is modified to:
Tpct1)= M{n)k(1) )
wmmﬂmm=um)hu)hmfjm=ha)gmfmﬂ
8(h, )-6(h.) 8(hy )—8(h;)
M(t)=| 8(h, - 1})-8(h. -1} &(h,—1)-8(h ~1)
Oth,~2)~8(h.—2) B8(hy—-2)-5(k.—2)

Fig. 3 Inverter smtclung state classification.
The DC capacitor voltages are given by:

C%FC = FlIpe(t) )

where ¥ =|[ve (1) vei(t) vc_,,(:)]r, C=3Cy and

F=[1 00 110111 ')
Therefore, from (5) and (6), we get:

C%VC =FM)I{t) ®)

Eq. (8) represents a physical system with a variable
structure since the matrix M{?) is modulation dependent (0 <
rank(M(t)) < 2). The differential mode component of each
capacitor voltage is then given as:

AV =Ve-[1 1 Vo =TV, (9
where T=—;-[2 -1 -k

V(_'M =(VCI +V32+VC3)

Since rank(T) = 2, only two of the three capacitor voltage
deviations are independent. V., is the common mode
capacitor voliage which can be considered as resulting from a
common charging current. By differentiating (9) and
substituting (8), one obtains:

d === -
— AV = =T FM(1)I{I 11
aCTT (rjf(r) (11}
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Capacitor voltage unbalance in an interval £, <t < ¢, is
minimized when;

1] armam =
Jave] = j-é-nmnmml: minimum (12
o
A necessary condition for this to occur is:
Ave-TFM(1)I(1)s0 13)

When (13) is satisfied, the capacitor voltage unbalance is
guaranteed to not grow. The interval ¢ - ¢, is usually the
switching interval over which the load current dynamics do
not change appreciably. Hence, at the start of a switching
interval, computations can be made about the switching state
to be selected based on the currently available values of the
load currents. Link voltage balancing then can be formulated
as a problem in finding a suitable switching state (k. h,h.)
which will satisfy (13) . There are 64 switching states and
finding a switching state to satisfy (13) is, in general
extremely computationally intensive. Simplification of (13)
leads to 2 more insightful version of voltage balancing
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Fig. 7 Disposition of §;, voltage & X, X vectors,

applied to §;, states. According to the balancing scheme, for
AV, > 0 and AV, > 0, if X,k h,, k) belongs to region 11 (or
= 0) then AV, can be regulated and if Xk, 5,4, ") belongs
to region I (or = 0) then AV, can be regulated. In fig. 7, for
the load current vector as shown, state (322} will regulate the
DC voliages most effectively. For §,, stases, it is always
possible to select a switching state which produces current of
an appropriate polarity through any DC capacitor,

When a voltage vector corresponding to an Sj, state is
selected, it can be shown that for at least one switching state
both DC voltages can be regulated. Thus, from fig 9 it is

d ‘kz(wo)-o

/ x‘(azz)-o I
X, 1) / X (100)
x ,(322) X,(211)  yeso0)

\Q
II,

Fig. 8 §;p Switching state selection for voltage balancing.
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Fig. 9 §,; Switching state selection for voltage balancing,

evident that state (321) will regulate AV, and AL, A similar
argument holds for S;, states. Graphical equivalence can
therefore be derived for each of the switching state classes.
For S, states, X; = X, = 0 identically and so link unbalance
never worsens as a result of selecting S, states. When an Sy,
or Sy, state is selected, two cases arise as illustrated in fig. 10.
In fig. 10(a), the sclection of state (310) results in an
appropriatc polarity of current to regulate A}; but selection of
(301) with the load current at the same power factor will
cause a charging current of the opposite polarity thereby
worsening the unbalance. A similar result can be shown to
hold for 5,, states. When S;, states are selected, as stated
carlier, the capacitors are charged symmetrically. Thus,
when outer hexagon states are used, it follows that unbalance
will rcsult.

This is the fundamental limitation in the link voltage
balancing capability of the four level inverter. Note that the
limitation arises from the fact that there are now no redundant
states available which will regulate the DC voltages.
Assuming ideat and balanced three phase load currents, in the
limiting case when only the Sy, S;; and S, states are used
the average values of the DC currents are given by:

(Ij)=-—(12)=6l cos¢sin(i)cos(21t/3—l); 21}

where A = 19.11° and I is lhc peak value of the load phase
currents. Also,
(ic2) =(ics)-{12) = {ics)-0.188 I cos ¢ (22)
(icr)=ica)- ({12} + (1)) = (ics) (23)

Thus, the innermost capacitor tends to discharge for any
real load because cos¢g 2 0. Also, there is symmetry in the
charging of V; and V;. Typically, in the absence of any
balancing action, Ve, undergoes inversion leading to a
catastrophic shutdown,

Fig. 10 S;; Switching state selection for valtage balancing.
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Fig. 11 Four level inverter based drive system.

IV. SIMULATION RESULTS.

Fig. 11 shows the drive system that has been simulated to
verify the theory developed in the previous sections. This
system is currently being constructed at the University of
Wisconsin The load is a 15 HP 8 pole 460/230V induction
motor. 600V/100A IGBTs are used as the active swilches.
The control scheme implemented is based on the scheme
outlined in the previous section. In [14], a control scheme for
such a wpology with R-L loads only is discussed.

Fig. 12 shows the block diagram of the control scheme. A
four level PWM scheme provides the pulse pattemn to a
redundant state selector. The link woltage balancing
scheme is the redundant state selector. Input to this block can
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Fig. 13 Motor phase voltage and current at 273 RPM.

820
o V VWV
Cl‘ CZ‘ c3
)
im
-
] Vc‘o\l'(;2
L]
2 > ]
8
184 le—
o

- e e —— T
Fig. 14 DC bus voltages at low 273 REM).

; . Azr;amz /\\ sa AP

2 /// \\ // \\\ sf \

’.8 AN // ¢ N \\

.j \\\L/ \V/ 2 \V/

£ i |

-17% -105 -GVQS(V)S 108 118 22 4135 %VQM‘S 135 28
Fig. 15 ¥ .and Va1 20 & 40 Hz,

be voltage vectors resulting from any control scheme such as
currert regulation or field orientation. In this particular case,
a simple V/Hz control scheme was implemented. Fig 13
shows the motor phase voltage and current foralow speed
operation case. Fora low carrier frequency of 420 Hz, the
current THD is reasonably low at about 11%. The actual
device switching frequency vares with the location of the
device in the inverter pole. Depending onthe load currents
and link voltages, the actual device switching frequency can
be as high as three times the carrier frequency if at every
reference - triangle intersection a trangition occurs in all
phase switching functions. At low modulation indices,
vectors with higher redundancies are selected ie. only S;,
states are being used, hence the link voltages are balanced as
is shown in fig. 14.

Fig. 15 shows the motor ¢ and o axis voltage in the
stationary reference frame when the synchronous frequency
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Fig. 16 Motor phase voltage and current at 60 Hz.
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Fig. 17 Motor torque at 60 Hz rated point.
is 20 Hz and 40 Hz. As the modulation depth is increased,
3o and S,; states are selected as shown in fig. 15(0). In this
case, link voltages can be still balanced because modulation
in this range can be considered as a superposition of two
modulations - one vsing only S, states and the other using
only S, states. For a fixed 'gear ratio', as the synchronous
frequency increases at constant V/Hz the current THD
improves significantly because the motor leakage reactance is
better able to filter the currents. This results in reduced phase
current THD (4.4%) at the rated point of the motor as shown

in fig. 16. Motor torque is traced in fig. 17 which suggestsa

peak-peak torque ripple of about 20%.

The inverter operates at the limits of its voltage capability
while retaining four level inverter operation when m, 2 0.75
(approx.). Scant use is made of S, 5. 01 834 states as seen
in fig. 18(a) where the synchronous frequency is 90 Hz and
the motor produces 80N-m torque (field weakening), Link
voltages are still balanced as shown in fig. 19. The induction
motor kcakage reactance now filters the current further so that
the current THD stays low (5.2%) even when the camier
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Fig. 18 V. V4 at 90 and 120 Hz operation.
o

56
Vu +VQ4VQ
)
i -
2 VorVe
- Foy
2
B
v
184 o
] e
1500 1580 1820 Time (ms) 1480 1740 19500

Fig. 19 Link voltages at 90 Hz.

" gt
N AN
= NV N

'ﬁn—“—'—ni) L. AL
Tirow {ms)
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Fig. 21 Motor phase voltage and current at 120 He.
frequency is dropped (fig. 20). Finally, fig. 21 shows the
motor phase and current under no load conditions when the
imverter synchronons frequency is 120 Hz  As seeninfig.
18(b), the inverter modulation makes use of the outermost
states (s, S35 Sy since the modulation depth is high (=
1.33). Also at no load, the motor impedance is chiefly
inductive so thal cos¢ = 0. Hence, in accordance with (21)-
(23), <1Ci> = <]C2> = <Ic3> = and so the link VOlm@S
stay balanced. This is reflected in fig. 22 showing the well
regulated DC link voltages.

Although the four level inverter cannot balance the
capacitor voliages satisfactorily for m, > 0.75 and deliver real
power to the load, in applications wherein higher voltages are
required, the inverier can be made to operate in the two level
mode ie. selecting only Sy, states - thereby trading off
voltage THD for fundamental voltage magnitude.
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Fig. 22 DC link capacitor voltages at no koad and 120 Hz.




V. CONCLUSIONS.

Four level inverters based drives with a diode rectifier
front end offer the prospect of reduced total kVA ratings. A
new methodology for viewing concurrent link voltage
balancing and inverter modulation was discussed. 1t is
possible to obtain low THD voltage waveforms from the four
level inverter while retaining adequate link voltage balancing
capability. This makes such drives suitable for applications
wherein low speed opcration is thc dominant mode of
operation. The voltage THD can be lowered at lower average
device switching frequencies. Time domain simulations
indicate that the control scheme for link voltage balancing
outlined earlier are viable over the entire motoring region. If
necessary, the voltage capability of the four level inverter can
be improved by reverting the modulation to a conventional
two level scheme.
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