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‘Analysis of a Novel Four-Level DC/DC Boost Converter

K A. Corzine, Member, IEEE and S K. Majeethia, Student Member, IEEE
Electrical Engineering Department
University of Wisconsin - Milwaukee
3200 N. Cramer Street
Milwaukee, WI 53211

Abstract - In this paper, novel two-quadrant buck/boost and one-

: quadrant boost four-level DC/DC converters are introduced. . The
primary application for these converters is that of interfacing a low
voltage DC source, such as a fuel cell or battery, to a high-voltage
four-level inverter. One lmportant feature of the fourdevel DC/DC
converters proposed herein is the ability to perform the power
conversion and balance the inverter capacitor voltages
simultaneously. With the capacitor voltage balancing, it is possible
to obtain the full voltage from the inverter. For the boost converter,

the steady-state and Non-Linear Average-Value (NLAM) models are

developed. The NLAM is verified against a detailed simulation of a
four-level mnverter/inverter dnve system.

Keywords: Multi-level converters, four-level converters, DC/DC
converters, average-value modelmg, _triangle modulation, current-
regulated control. '

L INTRODUCTION

The general trend in.power electronics devices has been to-

switch power semiconductors at increasingly high frequencies in
order to minimize harmonics and reduce passive component
sizes. However, the increase in switching frequency increases the
switching losses which become especially significant at high
power levels. Several methods for decreasing switching losses
have been mcludmg constructing resonant inverters and
multi-level inverters [1].

Resonant inverters avoid sw1tch1ng losses by adding an LC
resonant circuit to the hard switched inverter topology. The
inverter transistors can be switched when their voltage or current
is zero, thus mitigating switching losses. Examples of this type of
inverter include ‘the resonant DC link [2], and the
Resonant Commutated ‘Pole inverter (ARCP) [3.4). One

. disadvantage of resonant inverters is that the added resonant
circuitry will increase the complexity and cost of the inverter
control. Furthermore, high IGBT switching edge rates can create
switch level control problems. -

Multi-level - inverters | offer another approach to reducing
switching losses. In particular, these converters offer a high
number of switching states so that the inverter output voltage can
be "stepped” in smaller increments [5-11]. This allows mitigation

of harmonics at a low switching frequencies thereby reducing

sw1tchmg losses. In addition, EMC concerns are reduced through
the lower common mode current facilitated by lower dv/dt's
produced by the smaller voltage steps.  One disadvantages of
these techniques are that they require a high number of switching
devices. The primary disadvantage of multi-level inverters is that
they must be supplied from isolated DC voltage sources or a bank
of scries capacitors with balanced voltages. In systems where
isolated DC sources are not practical, capacitor voltage balancing
becomes the principal limitation for multi-level inverters.

One of the most popular j industrial multi-level inverters is the
diode clamped three-level inverter [5,7,8,10]. It has been well
established that the- DC capacitor. voltages can be readily
balanced through the use of stralghtforward selection of

0-7803-5589-X/99/$10.00 © 1999 IEEE

redundant inverter switching states [10]. However, for inverters
with a higher number of levels, the voltage balancmg through
redundant state selection limits the output voltage to 50% of the
maximum [12,13]. For this reason, some systems incorporate
auxiliary DC/DC converters for capacitor voltage balancing [14-
17]. Some interesting three-level boost DC/DC converters have
been proposed for systems that are powered from a low-voltage
source such as a battery, fuel cell, or Superconducting Magnetic
Energy Storage (SMES) [18-20]. 'In this paper a novel four-level

converter is - The standard steady-state and
average-value modeling techmqum are applied to this new
converter.  Detailed and average-value model simulation
demonstrates the converter performance.

II. PROPOSED FOUR-LEVEL DC/DC CONVERTER

A. Converter Description.

Figure 1 shows the novel four-level two-quadrant converter
proposed herein. This converter can operate as a boost or buck
converter depending on weather the DC source v, is supplying or
absorbing power respectively. - For many applications, bi-
directional power flow is not necessary and the semiconductor
parts count can be reduced to the topology shown in Figure 2. In
a standard boost converter, one transistor and one diode are used
for the bo:  process [21 22]. In this new topology, two
additional transistors are added in order to provide additional
switching states that can be used to balance the capacitor
voltages. It should be pointed out that although there are three
times as many transistors as with a standard boost converter, the
switches are rated at 1/3 of the DC voltage and thus the overall
semiconductor cost is roughly the same. - Figure 3 shows the
possible switching states of the four-level DC/DC converter.
States 0 and 4 are the two states typically used for DC/DC boost
conversion. Due to the nature of the motor impedance load and
the switching of the four-level inverter transistors, the voltage of
the center capacitor v, tends to discharge to zero in this system.
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Figure 1. Proposed 4-level two-quadrant DC/DC converter.
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Figure 2. Proposed 4-level one-quadrant boost converter.

- . For this reason, stat¢ 1 is inserted in the switching sequence in
order to increase the charge on the center capacitor. ' A secondary
%oal of this converter is to balance the voltages on the upper and

ower capacitors. Although this is typically not difficult in four-
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Figure 3. Four-level one-quadrant cbnvg:rtcr switching states.

~ level inverters, states 2 and 3 can be added to ensure this balance.

B. Switching Sequence

One advantage of multi-level DC/DC power conversion is a
reduction in the inductor current ripple when compared to a
standard DC/DC converter.  For the threelevel DC/DC
converter, a reduction in current ripple can be accomplished by
defining the switching sequence as a function of the input and
output voltages [18-20]. In the case of the four-level converter, it
is not possible to reduce the curmrent ripple for all operating
conditions and simultaneously balance the capacitor voltages.
Therefore, one sequence has been chosen with the objective of
balancing the capacitor voltages. The overall switching state
sequence suggested for this converteris0-1-(2o0r3)-4-(2or
3) - 1-0. The state diagram for this sequence is shown in Figure
4. Note that this sequence is similar to that of a standard DC/DC
gnverte; with t;ve%n agﬁ.tiox switching ‘stqtes.f Two adfig’fgglal

cles are in the sequence timing for contro e
a(k?'lru%ynal states. The timing sequence is defined by

0, 0St<le
1, dTst<(dy +dy)T
2/3,  (dy+dy )T <t<(dy +dy+d3)T
4, (dy+dy+d3)T<t<T
where d,, d,, and d; are the controller duty cycles and T is the
total time spent in the switching states. The remainder of the
sequence is to reverse the order spending the same amount of

time in each state as before. Therefore, the total time of the
switching controller is 7, = 27.

state = 4))

The amount of time spent at the particular switching state can
be controlled depending on the desired output voltage and the
capacitor voltage imbalance. For example, the time spent at
switching state 1 can be increased in order to increase the voltage
across the center capacitor. The time spent at states 2 and 3 can
be controlled to maintain the voltage balance between the upper
and lower capacitors. The choice as to which state to switch to
during the sequence (2 or 3) is made depending on which of the
?havo ?hpacitor voltages v, or v is underbalanced with respect to

e other.

C. Steady-State Modeling

As with other types of DC/DC converters, it is instructive to
perform a steady-state analysis of the converter driving a resistive
load [18-21]. In the case of the four-level boost converter, the
circuit topology is that of Figure 5. Since the goal of this
converter is to equalize the capacitor voltages, it will be assumed
that the controller duty cycles have been set so that the capacitor
voltages are equal, or

Figure 4. Four-level converter switching sequence.
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F igure' 5.F dur-leVel converter with resistive load.

vcl =Ve2 =V¢3 ='36‘; 2)

ItwﬂlalsobeassumedthatR?Rl so that switching state 3 is used

during the time when there is a choice between states 2 and 3.
The resulting inductor current waveform is shown in Figure 6.
For steady-state periodic operation, it is necessary that the
average inductor voltage be zero. From this requirement, the
tput to mput voltage ratio can be determmed as
v, - . 1 _‘ )
l f -x d 2 = *d 3 L

vdc

Assuming that the converter losses are neghglble the average
inductor current can be found from the output power and input
voltage as

)

v 1 -1 1 )
I ——i—(—+—.+——). @
_ , oz ,9Vdc Ri .Ry Ry,

From the load equatlons and the fact that the average capacitor
currents' must_be zero, 1tmnbeshownthatthe steadystate
cunmts,daﬁnede1gure6 are ‘

dy T :
Iy =1pay + 36L‘W (2v,_. ~3vge )+

-.ZSZ ‘(1 _dl_d2 _-dj)(‘fc ,—vdc)"'"- - ®)
daToy (e ~3vde)
T 6L
: 3Tsw :
Ip=11au + @v, —3vg)+-
©)
T o _
232’ (l—d] ~d, —d3)(vc ‘Vdc)
I3 =1Lavg + d3 Tsy (ZVVcA—3vdc)+...
)
T c
ZSZ (l—dl — d2 —d3)(vc ’vdc)

a 4 I+K‘11 d "If'd:+d3 i : ' 1

2 2 T2 2
Figure 6. Steady-state inductor current waveform.

0_11,

By waveform svmrﬁeu'y,
I4=2010e~13 ®)
Is - 21 avg — 15 &)
I =210 — 1. (10)

For design purposes, it is often desirable to calculate the inductor
current ripple Al;. From (5-10), it can be seen that

ALy =2|max(1),15.13) — I e |- 11

Note that the maximum current (/;, I, or I5) depends on the shape
of the inductor current and thus depends on the DC input and
capacitor voltages. Regardless of which current is the maximum,
it can be seen that the inductor current ripple decreases with
increasing switching frequency, inductance, and load resistance
as is typical of DC/DC converters.

It may be desirable to calculate the required duty cycles for a
given set of load resistances. In this case, setting the average

capacitor currents to zero yields three equations which can be

solved for duty cycles resulting in
3v
dy=1- "Cl , (12)
Ryv C(—+—+E)
(i -h)
dy = _T\m R a3)
11
Ve (RT t gt E)
{1 _1
. Va, (— ~ Ra
dy =R R a9

1,1 4.1
VC (-RT + ﬁi— + E)
The steady-state model equations presented herein have been
verified through the use of detailed computer simulation.
Although the steady-state model is useful for design calculations,
a dynamic model is needed for evaluating system transient
performance.

D. Non-Linear Average-Value Modeling

The general concept of Non-Linear Average-Value Models
(NLAMY) is that the high-frequency switching of the power
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converter is represented on an average-value basis. These models
provide insight into the operation of switching converters as well
as suggest control strategies. Another advantage of NLAM's is
that some simulation packages can linearize these models about
an operating point and determine the state space matrices. From
this information, classical control theory can be applied and the
system stability can be evaluated [22].

Figure 7 shows the general structure of the NLAM where the
converter switches have been replaced by dependant voltage and
current sources. Therein, the * symbol denotes the fast-average
which is the average-value of the quantity over one switching
cycle of the converter 7,,. The converter waveforms used for
determining the dependant source equations are shown in F[itgu:e
8 with the ion that v.s>v,; and state 3 is not used. If the
inductor current ripple is neglected, the average-value equations
are : :

ﬁsw =‘;02 (1”d1)+‘;cl (l_dl _d2)+"'

V3 (1-dy —dy - dy) as
Fy =t dy a6)
12 =1ac (@3 +d3) a7
_ ip3 =iy (1-dy -dy —d3). (18)
If v.2>v,3, then the average-value equations become

Vow =V (= dy)+9e3 (1—dy —dp)+--- 19

Vo (- dy —dy —d3)
iy =~ig (dy +d3) @0
i12=igdy @1
ip3=ip (1-dy-dy). 22)

For four-level inverter loads, the unbalance of capacitor voltages
v,; and v 3 is not severe and the controller will select state 2 over
state 3 about one-half of the time. In this case, the two scts of
equations can be averaged to yield one model. For example, an
equation for v, can be obtained by averaging (15) and (19).
The NLAM can be used to evaluate the dynamic and steady-
state performance of the converter without including the high-
frequency switching of the controller. If- a resistive load is
connected to the NLAM, equations (3) and (12-14) can readily be
derived. Altematively, an NLAM of a four-level inverter can be

723%& ‘ Cs.Lj £R3

iy L -
Y ~ e |t R
+ i L2 A R ; 2
Vi v, ~ : +
" ir; G =%, R,
. c
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Figure 7. Converter average-value model structure.
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Figure 8. Converter switching waveforms.

connected to the converter NLAM for dynamic modeling of the
system depicted in Figure 2.

HI. FOUR-LEVEL INVERTER

Figure 9 illustrates a four-level diode clamped inverter [6-
8,12,13]. The general theory of this inverter is that each phase (g,
b, or ¢) can be electrically connected to the junctions d,, d,, d,
and d; by appropriate switching of the inverter transistors.
Assuming that the IGBT's operate as ideal switched, the a-phase
switching can be modeled by an ideal positional switch as shown
in Figure 10. The b- and c-phase circuits can be modeled by
similar switches connecting to the same capacitor junctions. By
pulse-width modulation of the positional switch, the inverter line-
to-ground voltages v, Vg, and v, can be directly controlled. The
motor line-to-neutral voltages can be calculated from the line-to-
ground voltages by [23].

2

Vas =_3'vag "'3‘ng _gvcg 23)
2

Vs =§ng —Evag "Evcg (24)
2 1 1

Ve =—V ——Vag .——Evbg . (25)

cs T 3veg 3

In most motor control systems, the commanded phase currents
are determined from the desired torque. A regulating control then
generates commanded motor phase voltages based on the
commanded currents. In general, these commanded voltages can
be expresses as

v, =v2vicos(d,) (26)
vzs = \/Ev:cos(ec —ZT") 27
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Motor
Load

~ Figure 9. Four—level:irl_verter topology. '

Vg =2y cos(o + 2”) 28)
where vs* is the oommanded RMS phase voltage and @, is the
- controller electrical angle. . It can be noted from (23-25) that there

is no unique set of line-fo-ground voltages for a given set of
‘commanded motor phase voltages. This is due to the fact that

" . common-mode terms in:the line-to-ground voltages will cancel

* when evaluating (23-25). "One method of -obtaining the. desired
motor phase voltages is to command line-to-ground voltages with
a third harmonic term. It has been shown that this method allows
the maximum voltage to be - obtained from the inverter [24].
" Using this . ‘method, - the hne-to-ground voltages can be
commanded as ] )

. lz;": = v? [1 + mcos(0 )— mn oos(30 )] : (29)
Vg =L [l + mcos(ﬂ ) -m cos(3ﬂc )] (30)
v;‘g [1 + mcos(a + 2’f) cos(36 ) e
where mis the modulanon mdex that has a range of -
o o<ms—2-""' 32)
: - L A3 7
‘in order to avoid over-modulation. Assuming that the

commanded voltages aré obtained by the PWM control, the fast-
averages of the resulting motor phase voltages are

33)

Ll
d
+ 3o+
= Ve
d - Yac2a
24
Vv .
¢ T Ve2 .
- Yela
d; —
+
= Ve

Figure 10. Equivalent switching of the four-level inverter.
oo - %)
T). o (35
By comparing (33-35) to (26-28), it can be seen that the desired
voltage magnitude and phase angle can be set by selecting m and

0, in (29-31). Typically, (29-31) are normalized to the DC
voltage v.. This y1elds duty cycles definedby

VCS -

d, = 5[1 %mcos(ac);ﬂms(3‘9c )] (36)
b == [1 + mcos@ )- 3 °°5(3‘9 )] @7
:5[“,,,5;,5(00 +28)- 2 ensti, ). @

The duty cycles can then be integerized to determine the
switching states for the PWM control. For example, if: the a-
phase duty cycle is integerized by

1, —INT(3da) (39)
then the’ PWM swrtchmg ‘will be between levels sa—l and

" s~I+1. If the clock frequency of the PWM controller is T then

the a-phase switching states for one cycle are

"Ala)Ts .

o [t +1, 0<t<(3d,
S, = : .
a — 1, SELT,

40
I, Gd, o

For the purposes of system model comparison, an average-
value model of the four-level inverter has been developed. The
structure of the a-phase of the average-value model is shown in
Figure 11. Figure 12 shows the first step in the derivation of the
average-value-model dependant source equations. Therein, the
modulation duty-cycle is plotted versus the controller electrical
angle. The functions s, s, and s; represent the percent of time
that the a-phase is switched to junctions d;, db, and ds
respectively. These switching functions are related to the a-phase
duty cycle as shown in Figure 12. Using these switching
functions, the currents drawn from the diode _]ul’lC'thIlS are
defined by :
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Figure 11. Averagé-valué model of the four-level inverter.

idela = Stias @41

" lgela = Stias 42)
idcla =S1ia"\.. (43)

For the average-value model to have variables which are constant
in the steady-state, it is necessary to relate the a-phase current to
the induction motor g- and d-axis currents in the controller
reference frame. This relationship is given by [23]

ias =igscos(6,) +igsin(@, ). (49

The next step in the average-value model is to average the DC
currents over one cycle of &. The resulting expression is
extensive and is not included herein. Due to the symmetry of the
drive and modulation, the b- and c-phase average-value DC
currents are identical to that of the a-phase. A similar averaging
procedure is used to find the g- and d-axis induction motor
voltages from the switching functions and the capacitor voltages.

IV. FOUR-LEVEL SYSTEM SIMULATIONS

Detailed and NLAM based simulations were performed on the
converter / inverter system shown in Figure 2. The induction
motor used in these studies is a 3.7kW ‘machine w1th the
parameters listed in Table I [23]. ‘

Table T Induction motor parameters
=04Q P=4 =0227Q
Lix=57TmH L,=644mH | L,’=46mH

The induction motor is operating at a constant speed of 183.3
rad/sec and a constant electrical frequencyof60 Hz ensured by.
setting

=2z ft @3

in the inverter control. The modulation index m is stepped from
0.6 to 1.13 resulting in a step change in applied voltage on the
motor. For the detailed snmulauon, the PWM switching period is
set to 7,=0.185 ms.

The DC/DC converter regulates the DC voltage supplied to the

inverter and maintains capacitor voltage balance through
controlling the duty-cycles d;, d;, and d;. This control can be
challenging since the system is Multi-nput Multi-Output
- (MIMO). A MIMO control design may be the work of future
research in this area. For the studiés- presented herein, a
straightforward Proportional plus Integral (PI) control was used.

Wik

[

1
3d,-2
0 —

;

_aw
0

Figure 12. A-phase duty cycle and switching functions
of the four-level inverter.

Use of this control was justified by examining the sensitivity of
the system outputs (capacitor voltages) to the changing inputs
(duty cycles). Using the NLAM, it was observed that the
capacitor voltage v, was more sensitive to ¢! ind; thanv,,
or v 3. Furthermore, v,; and v s were more sensitive to changes in
d, than v,. This sensitivity somewhat decouples the control and
allows for the following approximate control to be used.

dy= Kplel +Ki1.[e1dt (46)
'dz —-szez +Ki2‘[€2dt (47)
where the errors e; and e, are defined by
e =V —v, @8)
€y =Vog —Vea- @9)

The commanded converter output voltage v, was set to a
constant value of 318 V. The commanded voltage on the center
capacitor was set to

Vi =3 (50)
The third duty cycle was set to a constant value of d5=0.05. For
tlualsalstudy the PI oontrollcr gains were sct to the values listed in
Table IL

Table 1. Converter PI controller gains.
K, =0.001 Kz=02
K,‘I = 001 K,‘z =

1969



The DC input voltage was v, =150 V and the controller switching
period was 7,~0.1 ms, The converter inductance value was
L=10 mH. The capacitor values were unevenly distributed so
that the voltage ripple of all capacitors would be roughly the
same in the detailed model. The values used were C;=C,;=9900
uF and C;/=3300 uF.

200

v.; (V)

00— ——
P 0.5 sec.
m=0.6 | m=1.13 - e

200 4

Ve2 (V)

100 ———\\/— :

200 7

© Ve (V)

00—

50

i(A) s

0.5+

ol

Figure 13. Detailed model prediction of system performance
during a step change in modulation index.

Figures 13 and 14 show the simulation results for the detailea
and NLAM models respectively. As can be seen, the capacitor
voltages drop when the inverter modulation index is increased.
The regulating control on the DC/DC converter then controls the
duty cycles so that the capacitor voltages retum to their desired
values. The inductor current increases as the power to the motor

200+
V3 (V)
00—\ _—
f 0.5 sec.
m=0.6 | m=1.13 D
0 :
200 -
v, (V)
00—
0
200 -
v (V)
L
0l
30
0,(A)

0.5

0

Figure 14. NLAM model prediction of system performance
during a step change in modulation index.
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increases. Notice from the detailed' model that there are two
components to the inductor current ripple. One component is due
to the converter switching and the other is due to the capacitor
voltage ripple. Figures 13 and 14 also display the controller duty
cycles. Note that for m=0.6, the duty cycle d, is very low. This
suggests an altemate switching sequence for m=0.6 where the
switching state 0 is eliminated and the inductor current ripple is
reduced as compared to a standard boost converter.

V. CONCLUSION

A novel four-level DC/DC converter has been introduced. The
main objective of this converter is to supply a four-level diode-
clamped inverter and provide capacitor voltage balancing as well
as perform a boost operation. With the capacitor
controlled by the converter, the inverter can be operated up to its
full output voltage (as compared to 50% of full output voltage
when balancing the capacitors ‘with the inverter switching).
Steady-state and average-value modeling of the proposed
converter is presented. A simulation study on the converter /
inverter system demonstrates that the average-value model
prediction compares favorably to a detailed simulation,
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