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A bstract— This paper presents a new space vector PWM
method for a 3-level flying-capacitor inverter. In the pro-
posed technique, boundary restrictions can be easily incor-
porated to minimize the harmonic distortion of the output
voltages. Simple algebraic equations are used to calculate
the pulse widths of the gate signals from the sampled refer-
ence voltages. This feature make easy the implementation
in real time. The voltages on the flying capacitors are reg-
ulated by simple ON-OFF controllers independently of the
output voltage control. The main features of the proposed
technique are analyzed by computer simulations. The ex-
perimental tests obtained confirm the expected results.

I. INTRODUCTION

The increasing demand by quality and productivity in
the industrial market requires contin uous improv ement, of
the v oltage and currett sources generated with pow er con-
verters. The need for higher pow er ratings, reduction of
harmonic distortion and EMI, led to the design of several
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Fig. 1. Simplified circuit diagram of a three-level Flying-Capacitor
inverter

T ablel sho wsthe possible switc hingstates for an in-
verter phase. Usually, the capacitor voltage e.,, * €

multilev el po w er in verter topologies [8], [2], [8], [2], [3], [5], {@ b, ¢}, is made equal to E/2. With this condition,

[4], [6]. Among them the flying-capacitor inverter offers
great advan tages with respect to reduction in the mmber
of semiconductor devices and possibility of independent
con trol of output wltages and flying capacitors voltages.

This paper presents a new space vector PWM method
for a 3-level flying-capacitor inverter [7]. In the proposed
technique, boundary restrictions can be easily incorpo-
rated to minimize the harmonic distortion of the output
voltages. Simple algebraic equations are used to calcu-
late the pulse widths of the gate signals from the sam-
pled reference voltages. This characteristic make easy the
implementation in real time. The voltages on the flying
capacitors are regulated by simple ON-OFF controllers in-
dependently of the output voltage control. The main fea-
tures of the proposed technique are analyzed by computer
simulations. The experimental tests obtained confirm the
expected results.

II. THE THREE-LEVEL FL YING-CAR CITOR INVERTER

Figure 1 shows the simplified circuit diagram of a three-
level GTO iwerter. Each phase has four GTO switches,
four freewheeling diodes and a capacitor.

the states A and B supply the same output voltage
Ven = E/2. In the output voltage comtrol the A and B
states will indifferently be named O states. The variable
¢ (t), may assume the values 1, 0 or —1.

TABLEI
SWITCHING STATES F OR A THREE LEVEL INVER'ER

States Ce Siz Son S3. Saz VenN
P 1 ON ON OFF | OFF E
A ON OFF ON OFF | E—ecy
B 0 | OFF ON OFF ON €ca
N —1 | OFF | OFF ON ON 0

Figure 2 presents the current paths in the inverter for
eac h state of the switc hes. In the P and N states, the
load is directly connected to the DC bus and consequently
these states do not affect the capacitor voltage. In the A
and B states, the current of phase z flo wsthrough the
capacitor C,. Considering the current sense indicated at
figure 2, the capacitor will be charging in the A state and
disc harging in the B state. The voltage e., can then be
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output voltage do not depend on the type of state used
(A or B), they can be used to independently control the
flying capacitor voltage.

E Sta ]

e [ [ [
T eT s T aT
S ET S FEENET

I

B state

1

ND”] ‘

N

- S4a o S4a
) N

L

P state A state N state

Fig. 2. Curren t paths in the in verter considering the four switing
states

From table I and figure 2 can be werified that the num-
ber of po ver devices commutations during a change of

switc hings states depends on the initial and final states.

In order to minimize the number of commutations the
states ¢ hange are classified in the form,

Bad:{

A generic PWM signal using only good states commuta-
tions has been defined. This signal for a switching period
T is presented in figure 3. The time duration of the P, O
and N states are indicated by 7y, (k), 7oz (k) and 7, (k)
respectively .
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Fig. 3. PWM Control signal ¢z (t)

With four different switc hingstates for each phase
the three-level flying-capacitor inverter has 64 possible
switc hingstates. Figure 4 sho wsall the voltage vectors
generated by the inverter of Fig. 1. These voltages vectors
can be grouped into four different classes: (Z) zero vector
Vo ha ving ten swithing states; (S) small amplitude vec-
tors (E/3) ha ving six differem switc hing states eah i.e.,
Vi, Vi, Vi, Vi, Vis and Vig; (M) medium amplitude vec-
tors (v/3E/3) ha ving t w o swlting states i.e., V3, Vg, V,
Via, Vi5 and Vig and (L) large amplitude vectors (2E/3)
ha ving only one swithing state i.e., Vo, V5, Vg, Vi1, Vi
and Vi7.

Usually, in space vector methods, a voltage reference
vector is synthesized by the three closet voltage vectors of
the inverter. This procedure reduces the harmonic con-
tent of the output wltages [1], [3].

Fig. 4. Space v oltage vectors of a three-lev el inverter

III. BASIC EQUATIONS

The output phase voltage v,,(t), can be expressed in
terms of the control v ariablec, (t), as follo ws:

[0 _p[ 27 A][e0]

[ucn(t)J_6[—1 1 2Hcc(t)J

The average value of the output phase voltages in the
k-th switching period, 0., (k), is calculated by:

dan(k) ] g 2 -1 -1 @k
k) =2 | -1 2 -1 || @k (3)
Ten (k) -1 -1 2 ||

where, ¢, (k) is the a verage alue of the con trol signal
of phase z in the k-th period. F rom figure 3:

e, (k) = 7o) Tne®) (4)

The average wltage vector in the k-th period, Vg, (k) is
defined by:

_ 2
Vaq(k) = 3 (
with a= e/27/3. Using the above equation and (3) it can
be found that:

Van (k) + atpn (k) + a*Ten (k) (5)

Vag (k) = %; (¢a(k) + agy(k) + a®c.(k)) = gédq(k)

(6)

Where Cy, (k) is defined as the PWM control v ector of

the three-level inverterin the k-th period. Then, for a

giv en reference voltage vector Vd*q (k) the PWM con trol
vector can be determined by:

2
E

The zero sequence component of the PWM control v ec-
tor is defined by:

Cag(k) = = Vi, (k) (7)
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The pulse widths 7,, and 7,, can be determined by
using equations (7) and (8) and the inversedq transfor-
mation. The pulse widths are calculated by:

e (B) = Ta (F) = 255, (k) + Co(k)

In order to determine the pulse widths for a given phase
the zero sequence component Cp(k) must be selected. By
a suitable choice of this component it is possible to mini-
mize the harmonic distortion of the output voltages.

IV. DETERMINING PULSE WIDTHS IN SECTOR A

In order to simplify the study ,the hexagon in Fig. 4
is divided into six sectors (A to F). In this section, the
switc hingpatterns for sector A will be defined. These
results can be easily extended to the others sectors. Fig.
5 sho ws a expanded view of sector A with its sub regions
numbered from 1 to 4. All the possible switching states
for each vector are also shown.
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Fig. 5. Space v oltage vectors in sector A

A. Switching patterns for sub region Al

The switching patterns consist in a ordered sequence of
switc hingstates corresponding to the voltage vectors of
the in verter in a gien region. The ordering of the vectors
can minimize the number of commutations of the inverter
switc hes.The sub region A1 contains three vectors (Vp, V4
and Vj) corresponding to seven different switc hing states.
If the three vectors are employed in this sub region to form
the switching pattern the harmonic conten t of the output
voltages is reduced. Suc ha pattern is named complete
pattern. The complete switching pattern for sub region A1l
is given by /PPP/PPO/POO/OO/OON/ONN/NNN/.
Fig. 6 sho ws the cotirol signals of the three phases of the
inverterfor this switc hingpattern during tw oswitc hing
periods. Notice that in consecutive switching states only
one commutation occurs. A switching pattern that does
not uses all the possible switching states is called reduc ed
pattern

oa na | 'na 0a

Tob Tnb Tnb Tob

Tooo  Toon  Tonn  Tnwn TNnn T

T T

Fig. 6. Switc hing patterns for the subregion A1l

In the first switching period the complete switching pat-
tern is employed. In the second period the switching pat-
tern is mirrored minimizing the number of commutations.
T o reduce the load currett ripple it is necessary to split
uniformly the utilization of the zero v oltagevector o ver
the switching period. With respect to Fig. 6 this is ob-
tained if 2TwnyN = Tooo and 2Tppp = Tooo.

The harmonic distortion of the output voltages can be
minimized if the switching states corresponding to the S
vectors are equally used. With respect to Fig. 6 this is
obtained if Tppo = TOON and Tpoo = TONN-

Using these restrictions and equation (9), a linear equa-
tion system is obtained:

Tpa(k) — Tha (k) — Co(k) = %v;n(k)
oo (k) — Tuo (k) — Co(k) = 2Fvp, (k)
Tpe(k) = Tne(k) — Co(k) = 2Evz, (k)
Tpa(k) — oo (k) — Tnp (k) + Tha(k) = 0 (10)
pr(k) - TpC(k) — Tne(k) + Tp(k) =0
2Tpc(k) + Tpa(k) + Tnc(k) =T
\ QTna(k) + Tpa(k) + Tnc(k‘) =T

Solving this system gives the pulse widths that define
the PWM con trol signals in Fig. 6 for reference voltage
vectors inside sub region Al. The solution is given b y:

Tpa(k) = T + 55 (Wi, (k) — v5, ()
Tna(k) = % - %(U;n(k) — v, (k)
oo (k) = % + %Ugn(k) (11)
(k) = T — 3505, (k)
Tpe(k) = Tna (k)
[ Tne(k) = 7pa (k)

and 7,, (k) is calculated by:

Tox (k) =T — Tpe (k) — Tna (k) (12)

A similar procedure can be employed to determine the
pulse widths for the sub regions A2 to A4.

B. Overmodulation region

The region extern to the hexagon of Fig.4 is usually
named overmodulation region. The reference voltage vec-
tors in this region give rise to unrealizable pulse widths
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presented to saturate the reference voltage vectors in the
overmodulation region.

In sector A, the limit of the overmodulation region is
givenby the condition (v¥, — v¥, > E) as indicated in
Fig.7. In the PWM method proposed, the reference volt-
age v ector of coordinates ¢}, vy, v%,) in the overmodu-
lation region is replaced by the voltage vector (v}’ U;n',
v¥,") with the same direction and the largest amplitude

attainable by the inverter, as shown in Fig. 7.

d 5

Fig. 7. Ov ermodulation region

The voltage vector (vi,’, vy, v%,') is determined by

the in tersection of the line ¢, — v, = E) and the ref-
erence voltage vector (v},, v},, vs,). Expressed in d,q
coordinates:

’
311;, + \/511:; - E
2 2 (13)
« v* «
Uy = 34
Vg

The solution of this equation system in natural coordi-
nates is:

v = ko, (14)
Where, the factor k is given b y:
E
k= (15)

¥ pyk
Van Uen

In w ords, before en tering the PWM algorithm, if an
overmodulation condition is detected, the phase reference
voltages must be scaled by a factor k, given b y (15).

V. GENERALIZING THE RESULTS

The determination of the pulse widths of the PWM
con trol signals when the reference wltage vector is inside
the sector A has been considered in the previous section.
In this section these results are extended to the other
sectors of Fig. 4.

T odetermine the location of the reference voltage in
the hexagon of Fig. 4 the reference phase voltages must
be ordered. T able II shavs the voltage ordering and re-
spective vector locations.

T ABLE II
LOCA TION OF THE REFERENCE ULTAGE VECTOR

Phase voltages order
vr, (k) > vy, (k) > vk,

an

Sector

m| || O Q| W
=
S
-

After the ordering procedure the phase voltages are
referred as vf,(k), v, (k) and v3,(k), where o7, (k) >
v3, (k) > v3, (k). The pulse widths are then calculated us-
ing the same expressions employed for sector A replacing
0 (k), 07, (k), and vf, (k) by vf, (k), 15, (k) and v}, (k)
respectively and similarly replacing Tpq, Tpbs Tpcs Tnas Tnb
and Tpe bY Tp1, Tp2, Tp3, Tnl, Tn2 and T,3 respectively.

VI. CONTROL OF THE FLYING CAPA CITORS VOL T A GES

The output voltages and flying capacitors voltages (ec)
can be con trolled independently. The O states pulse
widths given b y equation 12 must be splited betw een the
A and B states, as defined by equation 16.

Tow (k) = Tag (k) + Tpa (k) (16)

The A and B states pulse widths are given b y the alue
of a control v ariablep, (k), —1 < p, (k) > —1, defined by:

ras (k) = 730 () L 22 0) a7)
i (k) = 75 (k) L2 (18)

If p.(k) =1, only the state A is used, T4y (k) = Tou (k)
and 7y, (k) = 0. If py(k) = —1, 745 (k) = 0 and 7, (k) =
Toz (k). With p, (k) = 0,72 (k) = 72 (k).

Figure 8 presents an ON/OFF controller for the flying
capacitor voltage. The capacitor voltage and current in-
formation are used to determine the appropriate value for
pe(k). In fig. 8 diagram the variable p, (k) assume only
the v aluest1. So, only one of the O states (4 or B) will
be used in a given modulation period.

p (k)
X

Fig. 8. Bloc k diagram of the on-off cortroller.
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VII. SIMULATION RESULTS

The proposed PWM method w as testedin simulation
with a three-level inverter supplying a three-phase RL
load. The DC-link voltage is 300V and the load param-
eters are R = 50 and L = 5.5mH. The frequency of
the reference voltage vector was 60H z and the switching
frequency equal to 1440H z, corresponding to a frequency
ratio (¢) of 24. Fig. 9 sho ws the amplitude of the funda-
mental component of the output voltage when the modu-
lation index (m) varies from 0 to 1. Linearity is observed
up to m = 0.57 as expected. Fig. 10 sho wsthe total
harmonic distortion calculated by:

2
oo V2
n=2 n2

Vi

Fig. 11 shows the output line voltage for m = 0.5 and
Fig. 12 shows the voltage at the flying capacitor.

2

SIG = (19)
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Fig. 9. Fundamertal component amplitude x modulation index
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Fig. 10. SIG x modulation index
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Fig. 11. Line v oltage 100 V/div(f=60 Hz, m=0.5, q=24)
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Fig. 12. Flying capacitor voltage - 20 V/div (E=300V)

VIII. EXPERIMENTAL RESULTS

A 3-level flying-capacitor inverter prototype was imple-
mented to driv ea three-phase induction motor of 2HP-
220/380V. Flying capacitors of 470pF /450V were used.
The switching frequency was 1440Hz or 24 times the fre-
quency of the reference signals. Figures 13 and 14 show
the line voltage and line current w aeforms respectively,
for a modulation index of 0.5. The flying capacitor volt-
age under the same operation conditions is presented in
figure 15, showing the effectiveness of the proposed con-
trol method.

1001 A00 W 2 mp

Fig. 13. Line output voltage - 100 V/div (E=300V)

1001 B W S amy

Fig. 14. Line output current
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10,51 SOV Sms

Fig. 15. Flying capacitor voltage - 50V /div (E=300V)

Finally, figure 16 presents the harmonic analysis of the
line v oltage with a modulation index equal to 0.5.

250 1

200¢ 1

Amplitude - V
=
3

i

o

S
L

50

20 30
Harmonic number

40 50

Fig. 16. Harmonic spectrum of the Line voltage (m=0.5)

IX. CONCLUSION

This paper presented a simple and useful PWM tech-
nique to con trola three-level flying capacitor inverter.
The pulse widths are calculated via simple algebraic equa-
tions, making the method appropriate to real time imple-
mentation. A simple method to con trolthe flying ca-
pacitors voltages is employed. Complete independence
bet ween the output voltage con troland flying-capacitor
voltage control was assured. Lo w leels of capacitor volt-
age ripple and output voltages harmonic distortion were
obtained. The experimental results indicated the validit y
of the proposed technique and the possibility of extending
of the method to a greater number of levels.

X. APPENDIX - PWM ALGORITHM

The complete algorithm for the proposed PWM method
is described below.

Algorithm
1 - Sample the phase reference voltages:
vr,(k), vg, (k) e vl (k).
2 - Order the reference voltages samples, obtaining:
vin(k) > 05, (k) > v3, (k)

3 - Use table II to determine the sector of the reference
voltage vector.
4 - If vy, (k) — v3, (k) > E — overmodulation
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k= (20)
Vin ~ Usn
Uin = kUi,
vy, = kvs,, (21)
v3, = kvj,
5 - If v}, (k) — v, (k) < E/2 — region 1:
[ Tp(k) = T + 5 [via (k) — 03, (k)]
(k) = T = 5p[vi, (k) — 03, (k)]
Tp2 (k) = % + %Uin(k) (22)
T2(k) = T — 3503, (K)
Tp3 (k) = Tna(k)
([ Tn3(k) = Tpa (k)
6 - If v3, (k) — v}, (k) < —E/2 — region 2:
71 (K) = Tas (k) = Blota(k) — v, (b)]
it () = (k) = 70(k) = 0 23)
roalk) = ~ 0,
7-If vy, (k) — 05, (k) > E/2 — region 4:
Tp1 (k) = Tuz (k) = F[vi, (k) — v3,, (k)]
Tn1 (k) = Tua(k) = 1p3(k) =0 (24)
Tp2(k) = %03, (k)
8 -Else — region 3:
Tp1 (k) = Tuz (k) = Fvi, (k) — v3,, (k)]
Tn1 (k) = mp3(k) =0
(k) = & + Flo3 () = i, () 29)
Tn2(k) = 5 + Hv3, (k) — v3,, (k)]
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