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

Keith A. Corzine Member, IEEEand Sonal K. MajeethjeéStudent Member, IEEE

Abstract—in this paper, novel two-quadrant buck/boost and mitigation of harmonics at low switching frequencies, thereby
one-quadrant boost four-level dc/dc converters are introduced. reducing switching losses. In addition, EMC concerns are
The primary application for these converters is that of inter-  oqyceq through the lower common-mode current facilitated

facing a low-voltage dc source, such as a fuel cell or battery,
to a high-voltage four-level inverter. One important feature of by lower dv/ds produced by the smaller voltage steps. One

the four-level dc/dc converters proposed herein is the ability to disadvantage of these techniques is that they require a high
perform the power conversion and balance the inverter capacitor number of switching devices. The primary disadvantage of
voltages simultaneously. With the capacitor voltage balancing, itis multilevel inverters is that they must be supplied from isolated
possible to obtain the full voltage from the inverter. For the boost dc voltage sources or a bank of series capacitors with balanced

converter, the steady-state and nonlinear average-value (NLAM) - .
models are developed. The NLAM is verified against a detailed voltages. In systems where isolated dc sources are not practical,

simulation of a four-level converter/inverter drive system. The Capacitor voltage balancing becomes the principal limitation
proposed converter is experimentally verified using an 18-kw for multilevel inverters.

converter/inverter system. One of the most popular industrial multilevel inverters is
Index Terms—Average-value modeling, dc/dc converters, four- the diode-clamped three-level inverter [5], [7], [8], [10]. It has
level converters, multilevel converters. been well established that the dc capacitor voltages can be
readily balanced through the use of straightforward selection of
I. INTRODUCTION redundant inverter switching states [10]. However, for inverters

) ) _ with a higher number of levels, the voltage balancing through
T HE general trend in power electronics devices has begfyundant state selection limits the output voltage to 50%

to switch power semiconductors at increasingly high frest the maximum [12], [13]. For this reason, some systems

quencies in order to minimize harmonics and reduce passj¥gorporate auxiliary dc/dc converters for capacitor voltage
component sizes. However, the increase in switching frequengancing [14]-[17]. Some interesting three-level boost dc/dc
increases the switching losses which become especially Signverters have been proposed for systems that are powered
nificant at high power levels. Several methods for decreasifgm g low-voltage source such as a battery, fuel cell, or su-
switching losses have been proposed including constructing rB&rconducting magnetic energy storage (SMES) [18]-[20]. In
onant inverters and multilevel inverters [1]. this paper, a novel four-level dc/dc converter is presented. The

Resonant inverters avoid switching losses by addin@n standard steady-state and average-value modeling techniques
resonant circuit to the hard-switched inverter topology. The igye applied to this new converter. Detailed and average-value

verter transistors can be switched when their voltage or curreRbdel simulation demonstrates the converter performance.
is zero, thus mitigating switching losses. Examples of this type

of inverter include the resonant dc link [2], and the auxiliary

resonant commutated pole inverter (ARCP) [3], [4]. One dis-  |l. PROPOSEDFOUR-LEVEL DC/DC GONVERTER
advantage of resonant inverters is that the added resonant gir
cuitry will increase the complexity and cost of the inverter con-
trol. Furthermore, high insulated gate bipolar transistor (IGBT) Fig- 1 shows the novel four-level two-quadrant converter
switching edge rates can create switch-level control problemBroposed herein. This converter can operate as a boost or buck

Multilevel inverters offer another approach to reducin§onverter depending on weather the dc soutges supplying

switching losses. In particular, these converters offer a hi§h @bsorbing power respectively. For many applications, bidi-
number of switching states so that the inverter output voltagectional power flow is not necessary and the semiconductor

can be “stepped” in smaller increments [5]-[11]. This allowBarts count can be reduced to the topology shown in Fig. 2. In
a standard boost converter, one transistor and one diode are
o used for the boost process [21], [22]. In this new topology, two
Paper IPCSD 00-023, presented at the 1999 Industry Applications Somet&d. . | . dded i d id dditi |
Annual Meeting, Phoenix, AZ, October 3—7, and approved for publication Rdditional transistors are added in order to provide additional
the IEEE TRANSACTIONS ONINDUSTRY APPLICATIONS by the Industrial Drives  switching states that can be used to balance the capacitor

Committee of the IEEE Industry Applications Society. Manuscript submittegp|tages. It should be pointed out that although there are three
for review July 1, 1999 and released for publication March 31, 2000.
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Fig. 2. Proposed four-level one-quadrant boost converter.

Fig. 3. Four-level one-quadrant converter switching states.
conversion. Due to the nature of the motor impedance load and
the switching of the four-level inverter transistors, the voltage
of the center capacitos.. tends to discharge to zero in this
system. For this reason, state 1 is inserted in the switching
sequence in order to increase the charge on the center capacitor.
A secondary goal of this converter is to balance the voltages on
the upper and lower capacitors. Although this is typically not
difficult in four-level inverters, states 2 and 3 can be added to
ensure this balance.

Fig. 4. Four-level converter switching sequence.
B. Switching Sequence

One advantage of multilevel dc/dc power conversion is a ffined _in Fhe sequence Fiming for control of the additional states.
duction in the inductor current ripple when compared to a stah'® timing sequence is defined by
dard dc/dc converter. For the three-level dc/dc converter, a re-
duction in current ripple can be accomplished by defining the 0, 0<t<dT
switching sequence as a function of the input and output volt- 1, BT <t<(d+d)T

ages [18]-[20]. In the case of the four-level converter, it is NOt g ate — 1)
possible to reduce the current ripple for all operating conditions 2/3, (di+d)T<t<(di+dy+d3)T
and simultaneously balance the capacitor voltages. Therefore, 4, (di4+do+d)T<t<T

one sequence has been chosen with the objective of balancing

the capacitor voltages. The overall switching state sequence swgered;, ds, andds are the controller duty cycles arid is
gested for this converter 3-1—(2 or 3)—4—(2 or 3)-1-0. The the total time spent in the switching states. The remainder of
state diagram for this sequence is shown in Fig. 4. Note that thi® sequence is to reverse the order spending the same amount
sequence is similar to that of a standard dc/dc converter with twbtime in each state as before. Therefore, the total time of the
additional switching states. Two additional duty cycles are dswitching controller isl,, = 27.
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The amount of time spent at the particular switching state i
can be controlled depending on the desired output voltage and — Y
T, -IE

4

the capacitor voltage imbalance. For example, the time spent + _|_
at switching state 1 can be increased in order to increase the T
voltage across the center capacitor. The time spent at states 2

and 3 can be controlled to maintain the voltage balance between Ve A C, +

4

+
. . . Ve2 R2
the upper and lower capacitors. The choice as to which state to .
switch to during the sequence (2 or 3) is made depending on i« N
Ve R1

which of the two capacitor voltages; or v.s is lower. T -"i c,
3

1l
b}

C. Duty-Cycle Regulation

The control of the cycled,, d;, andds can be challenging gy 5.
since the system is multi-input multi-output (MIMO). A MIMO
control design may be the work of future research in this are~ .
However, a straightforward proportional-plus-integral (PI) con “'L I
trol can be implemented. Use of this control was justified by
examining the sensitivity of the system outputs (capacitor vol
ages) to the changing inputs (duty cycles). It was observed th
the capacitor voltage.. was more sensitive to changesds
thanwv,; or v.3. Furthermorey.; andwv.3 were more sensitive
to changes inl; thanw,.o. This sensitivity somewhat decouples

H 4 ' ' ' H H t
the system and allows for the following control to be used state 0 ; ! 3 ; 4 ; 4i3:1: 0 > T,
0 4, did, drdtd, 1 1
2 2 2 2
dl :Kplel + Kil / €1 dt (2)
Fig. 6. Steady-state inductor current waveform.
dg :KPQCQ + KZ‘Q / (4 dt. (3)

Fig. 6. For steady-state periodic operation, it is necessary that
The errorse; ande; are defined by the average inductor voltage be zero. From this requirement, the
output to input voltage ratio can be determined as
€1 :U: — Ve (4)
" Ve 1
€2 =Uho — Ve (5) = 5 T (8)
de
1—dy —=dy— =d
1 3 2 3 3

whereuw, isthe sum o1, v.2, andv.3. The commanded voltage

on the center capacitor can be set to Assuming that the converter losses are negligible, the average
1 inductor current can be found from the output power and input
Uhy = Ve (6) voltage as
2
The third duty cycled; can set to small a constant value since Irave = Ye <i + x + i) . 9)
it is used to control the imbalance betwegn andv.; and this Wae \ B~ R I
|tmbalance is typically not much of a problem in four-level SYSrom the load equations and the fact that the average capacitor
ems. currents must be zero, it can be shown that the steady-state cur-
rents, defined in Fig. 6, are
I1l. STEADY-STATE MODELING
As with other types of dc/dc converters, itis instructive to per- I =Ipavs + AT (2ve — 3vge)
form a steady-state analysis of the converter driving a resistive T 6L
load [18]-[21]. In the case of the four-level boost converter, the +o (1 —dy — dy — d3) (ve — vVae)
circuit topology is that of Fig. 5. Since the goal of this converter c?LT (00 — Buac)
is to equalize the capacitor voltages, it will be assumed that the 4. D2msw We 7 Ol (20)
controller duty cycles have been set so that the capacitor volt- AT 6L
ages are equal, or I =Ipave + %EW (2v. — 3vac)
Ve Tsw
Vel = Vg2 = Ve3 = - (7) + e (1 - dl - d2 - d3) (UC - UdC) (11)
3 2L
d3T§W
It will also be assumed thak; > R; so that switching state Is = Tpavg + 3L (2ve — 3vdc)
3 is used during the time when there is a choice between states T

2 and 3. The resulting inductor current waveform is shown in T g (1—di —dz—ds) (ve —vac).  (12)
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By waveform symmetry ~
L3 R Ry

I, = ZILan — I3 (13) i L

Iy = 2ILavg - I (14) 322 R2

Ig = 2ILavg - 1I. (15) "

v V.,

For design purposes, it is often desirable to calculate the ir ;Z] R,
ductor current rippleA ;. From (5) to (10), it can be seen that

Al = 2[max (11, I, I3) = Irave] (16) Fig. 7. Converter average-value model structure.

Note that the maximum curreniy( I, or I3) depends on the

shape of the inductor current and thus depends on the dc inp “:”
and capacitor voltages. Regardless of which currentis the ma:
imum, it can be seen that the inductor current ripple decrease ° %]
with increasing switching frequency, inductance, and load resis¥er™Vez 1 ’—
tance as is typical of dc/dc converters. Ve f
It may be desirable to calculate the required duty cycles fo 0 | 1 i3f 4 4 i3 i1 | 0o T,
a given set of load resistances. In this case, setting the avera 0 4 did, didid, % g
capacitor currents to zero yields three equations which can t . 22
solved for duty cycles resulting in fs
r 3
3 0 1
Vde
di=1- 1 - T 1 (17) -11|\|-1 L I
Ryve <— + =+ —) ’
) R1 . RQ Rg iLZ ,
3de <F — F) T Il 2 »I3 14 15 16
dy = 21 (18) —1 .
< 1 1 1 ) 0+ >
Ve | =+ 5+ 5
R Ry Rs i

1 1
ds = UdC(Rl Rg) : (29) OI —

Fig. 8. Converter switching waveforms.

A 4

Although the steady-state model is useful for design calcula- _ ) )
tions, a dynamic model is needed for evaluating system transih0t used. If the inductor current ripple is neglected, the

performance. average-value equations are
r&sw :@62 (1 - dl) + TA}cl (1 - dl — dQ)
IV. NONLINEAR AVERAGE-VALUE MODELING bt (1= dy — dy — ds) (20)
The general concept of nonlinear average-value models ir1 = —iqeds (21)
(NLAMS) is that the high-frequency switching of the power e =i (da + ds) 22)
converter is represented on an average-value basis. These N 2 L 2T
13 I'LL(l—dl—dQ—dg). (23)

models provide insight into the operation of switching con-
verters as yvell as sugge_st con_trol strategies. Ano_ther qdvant guec1 > 1.3, then the average-value equations become
of NLAMs is that some simulation packages can linearize these
models about an operating point and determine the state space Bow =Dez (1 — dy) 4 o3 (1 — dy — da)

matrices. From this information, classical control theory can be

applied and the system stability can be evaluated [22], [23]. R +A t e (1= dy =y — ds) (24)

Fig. 7 shows the general structure of the NLAM where the ‘o = e (d2 + d3) (25)
converter switches have been replaced by dependant voltage ir2 =tdcde (26)
and current sources. Therein, thesymbol denotes the fast iz =i (1—dy —dy). 27)

average which is the average value of the quantity over one

switching cycle of the convertdr,,,. The converter waveforms For four-level inverter loads, the unbalance of capacitor volt-
used for determining the dependent source equations are shegeswv.; andv.3 is not severe and the controller will select
in Fig. 8 with the assumption that.; > wv.; and state 2 state 2 over state 3 about one-half of the time. In this case,
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the two sets of equations can be averaged to yield one model.
For example, an equation fér,, can be obtained by averaging Vac C'
(20) and (24).

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 con-
nected to the NLAM, (8), (9), and (17)—(19) can readily be dé&9- 11- Standard boost converter NLAM.
rived. Alternatively, an NLAM of a four-level inverter can be
connected to the converter NLAM for dynamic modeling a drivéependent sources have been replaced by referring the output
system as depicted in Fig. 2. circuit to the input circuit as per a Steinmetz transformer model

In order to demonstrate stability analysis using the NLAM24]. In this model, the referred quantities are related to the ac-
consider the four-level dc/dc converter supplying a resistiteal circuit values by the duty cycléas
load, as shown in Fig. 5. For this example, the resistors are set

3l
)
N
A
=

to Ry = Ry = 22.1 QandR, = 11.1 Q in order to mimic an U; =(1—d)v. (28)
imbalance that would exist with an inverter load. The capacitor / C

values are”’; = Cy = Cz = 6200 pF and the inductor value is ¢ = 1—d)? (29)
L = 8.7 mH. Duty-cycle regulation is used to boost the input R = (1— d)’R. (30)

voltage fromwvy, = 200 V to v = 660 V using controller
gains ofK,; = 0.001, K;; =0.01, K, = 0.2, andK;» = 0.5
with d3z = 0.05. Fig. 9 shows the root locus plot obtained in b
linearization of the average-value model about the operati
point as predicted using the advanced continuous simulati

language (ACSL). The root locus plot is performed by varying 8.7 mH. The regulator proportional gain is set to zero

the loop gain of the control loop \.NhiCh Is regulating the OUtp.Lgnd the integral gain is set to 0.001. Fig. 12 shows the resulting
yoltagevc..As can be seen, there is a complex pplg PaIr CrossIfgst 1ocus diagram. As can be seen, a pole pair crosses into
into the right-half plane when the loop gainis increased the right-half plane for a loop gain of about 4.5. Therefore, the

above 11. This indicates an instability if the controller gaini?ltegral gain needs to be less than 0.0045 for stability at this
K, and K;; are increased by a factor of 11. Fig. 10 Showéperating point

the converter output voltage as predicted by the average-value
model and as predicted by a detailed simulation. An instability
is clearly seen when the controller gain is increased above 11.
It should be pointed out that the stability of the four-level Fig. 13 illustrates a four-level diode-clamped inverter [6]-[8],
system has different characteristics than that of a typical twid-2], [13]. The general theory of this inverter is that each phase
level boost converter [21] due to the added control loop whidh, b, or ¢) can be electrically connected to the junctiafs
regulatess . To illustrate this point, an example of a standard,, d», andds by appropriate switching of the inverter tran-
boost converter is included herein. The NLAM for this convertesistors. By pulsewidth modulation (PWM), the inverter line-to-
may be expressed by its equivalent circuit shown in Fig. 11. Tlgeound voltagess,,, v,, andv., can be directly controlled.

In this example, the input and desired output voltage have been
et tovy. = 200 andv! = 660 V, respectively. The parameters

H4ve been adjusted so that the operation is similar to the four-

@el example. In particulafz = 49.8 Q, C = 2067 uF, and

V. FOUR-LEVEL INVERTER
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The motor line-to-neutral voltages can be calculated from the

line-to-ground voltages by [25].

2 1

Vas = GVag — 5
3% 3
2 1

Vps = gvbg - gvag -
2 1

Ves = GVcg — G Vag —
379 3

Modulation of the line-to-ground voltages may be accom-

Ubg —

1

3
1

3
1
3

SVeg

Veg

5 Vig-

(1)
(32)

(33)

1347

Fig. 14. Average-value model of the four-level inverter.

duty-cycle modulation [26] rely on a three-phase set of duty
cycles which may be expressed as

1 m
d, = 3 [1 +mecos(6.) — 5 o8 (396)} (34)
1 27 m
dy = 3 [1 + mcos <9c — ?> % cos (396)} (35)
do=214 0o+ 27 ) - ™ eos (30| (36)
c=5 mecos { e + = & cos (30

whered. is the inverter electrical angle and m is the modulation
index which ranges from zero to 1.15 [26].

For the purposes of system model comparison, an NLAM has
been developed for the four-level inverter based on the duty cy-
cles. Fig. 14 shows the general structure of the model. Although
the derivation of the average voltages and currents is too ex-
tensive to be included herein, the general procedure has been
described in [26]. The resulting equations are

~ 9 e m

fact = 5, [Co . 5} (37)
idc? = _idcl (38)
, 3.,

tdc3 = §quco (39)

whereig is the motorg-axis current in the converter reference
frame and
_3mb; 1 5m

C, = ——sin(f1)+

sin(26;)— RS sin(461). (40)
2r 0w 8m

167

In (40),6; is the converter angle whetg crosseg/3 [26]. The
average-value motor voltages are

Ugs =01 cos(6.) (41)
Dps = U1 COS <9€ — 2%) (42)
Des = U1 COS <9€ + 2%) (43)
where
vy = (Be1 + Vo2 + Ve3) Co + 37771 Ve (44)

plished with hysteresis current-regulated control [8] or spacEguations (41)—(43) may be transformed to the converter refer-
vector modulation [7], [10]. Time— domain-based voltageence frame for an average-value model with variables that are
source methods such as sine-triangle modulation [11] [12] aodnstant in the steady state [25].
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200 1 v% was set to 318 V. The controller gains for regulating duty
cyclesd; andd, wereK,; = 0.001, K;; = 0.01, K, = 0.2,
ves (V) andK;» = 0.5. The third duty cycle was set iy = 0.05. The
00—\ _—" . dc input voltage was,. = 150 V and the controller switching
gt P 3 SCC-I period wasl;,, = 0.1 ms. The converter inductance value was
m=06 ; mmlL13 L = 10 mH. The capacitor values were unevenly distributed
so that the voltage ripple of all capacitors would be roughly the
2001 same in the detailed model. The values used Wgre= Cs =
9900 pF andC, = 3300 pF.
vez (V) Figs. 15 and 16 show the simulation results for the detailed
100 V and NLAM models respectively. As can be seen, the capacitor
voltages drop when the inverter modulation index is increased.
0 The regulating control on the dc/dc converter then controls the
duty cycles so that the capacitor voltages return to their desired
200 values. The inductor current increases as the power to the motor
increases. Notice from the detailed model that there are two
100 ] components to the inductor current ripple. One component is
—\/" due to the converter switching and the other is due to the capac-
itor voltage ripple. Figs. 15 and 16 also display the controller
0 duty cycles. Note that fom = 0.6, the duty cycled; is very
low. This suggests an alternate switching sequenca:fer 0.6
where the switching state 0 is eliminated and the inductor cur-
rentripple is reduced as compared to a standard boost converter.

Ver (V)

50 1

iL (A) 25 -

VIl. FOUR-LEVEL SYSTEM LABORATORY STUDIES

The proposed four-level drive system shown in Fig. 2 was
constructed in the laboratory driving an 18-kW induction motor.
11 The system parameters and operating conditions for this study
are shown in Table I.

d, The input voltage for this study wag. = 375 V and the
motor was loaded to rated power resulting in a speed.gf =
246.8 rad/s. The switching frequency for the inverter PWM was
5 kHz and the switching frequency for the dc/dc converter was
2.2 kHz. Fig. 17 shows the measured line-to-line motor voltage
and line current. Perfect capacitor voltage balance was achieved
even though the modulation index was set to 98% of its max-
imum value. This is evident in the evenly distributed voltage
steps in the motor voltage. In the absence of the dc/dc converter,
capacitor voltage balance would only be possible for modula-
tion indexes less than 0.6 [13]. Fig. 18 shows the dc/dc converter
waveforms. Therein, the switch voltage and inductor current, as
Fig. 15. Detailed model prediction of system performance during a stefefined in Fig. 2, are shown. The controller settles to duty cy-
change in modulation index. cles ofd; = 0.417 andd, = 0.065. The small value ofl, is
noted by the switch voltage shown in Fig. 18. This indicates that
VI. FOUR-LEVEL SYSTEM SIMULATIONS a small amount of charge is required to balance the center ca-

Detailed and NLAM-based simulations were performed dpacitor voltage. .
the converter/inverter system shown in Fig. 2. The induction A" addltlonal_lqboratory study was performed in order to
motor used in these studies is a 3.7-kW machine [26] operatifgmpPare the efficiency of the proposed converter to that of a
at a constant speed of 183.3 rad/s and a constant electrical ft@ndard two-level converter rated at 1/3 power. For this com-

quency of 60 Hz ensured by setting parison, a resistive load is used as shown in Fig. 5. Table Il
shows the parameters and operating conditions for the four- and
6. = 2w ft (45) two-level converters.

The four-level converter operated with an output voltage of
in the inverter control. The modulation indexis stepped from v. = 614.5 V and an efficiency of 91.9%. The two-level con-
0.6 to 1.13 resulting in a step change in applied voltage on therter operated with an output voltage of 194 V and an efficiency
motor. For the detailed simulation, the PWM switching period isf 92.3%. The average inductor current was about 25 A in each
settoT, = 0.185 ms. The commanded converter output voltagease. For the four-level converter, this current flows through all
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200 1 1000
Vs (V) 100 _\/- v (V) ¢
0.5 sec.
m=0.6 m=1.13 fe—
0 : -1000 -
2001 ® '\ /\ /
0 -60 -
200 - Fig. 17. Four-level inverter laboratory measurements.
Ve (V) TABLE |
100 —\/ LABORATORY DRIVE SYSTEM PARAMETERS
Motor parameters
0 rs=020Q P=4 ' =0421 0
Li=1.91mH M=55mH Ly'=191 mH
507 Converter parameters
= C1 =Gy = C3=6200 pF L=87mH
ip (A) 251 Drive controller parameters
m=1.13 f=80Hz
Converter controller parameters
0 K, =K, =0.001 Ki=Kp=0.1
. v.* =660V d;=0.05
21'\ 501
05,
0
200 ps.
1- | l
0
4, 0s 1000-
0 Ve (V) 5001
Fig. 16. NLAM model prediction of system performance during a step change
in modulation index. 0

three IGBT’s leading to increased conduction losses. Howev:
the output power is three times greater leading to an efficiency

thatis almostthe same as that of the standard two-level converter.

VIIl. CONCLUSION

TABLE 1l

'éiP' 18. Proposed converter laboratory measurements.

LABORATORY CONVERTER PARAMETERS

Four-level converter

A novel four-level dc/dc converter has been introduced. Ri=R3=219Q R =113 Q)
The main objective of this converter is to supply a four-level ~_€1=Cy=C3=6200 uF L=87mH
diode-clamped inverter and provide capacitor voltage balancing di = 0.309 d,=0314
as well as perform a boost operation. With the capacitor bal- d3 =0.05 Vg = 300.6 V
ancing controlled by the converter, the inverter can be operated Two-level converter
up to its full output voltage (as compared to 50% of full R=182Q € = 6200 pF
output voltage when balancing the capacitors with the inverter VL izl(?o“;}; d=0518

de — .

switching). Steady-state and average-value modeling of the
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proposed converter is presented. A simulation study on thgae]
converter/inverter system demonstrates that the average-value
model prediction compares favorably to a detailed simulation[.m
Laboratory measurements verify the operation of the proposed

drive system.
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