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A bstract|This paper presents a new space vector PWM
method for a 3-level ying-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 ying 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 con�rm the expected results.

I. Introduction

The increasing demand by quality and productivity in

the industrial market requires continuous improvement of

the v oltage and current 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

multilev el po w er in verter topologies [8], [2], [8], [2], [3], [5],

[4], [6]. Among them the ying-capacitor inverter o�ers

great advan tages with respect to reduction in the number

of semiconductor devices and possibility of independent

con trol of output voltages and ying capacitors voltages.

This paper presents a new space vector PWM method

for a 3-level ying-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 ying

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 con�rm the

expected results.

II. The Three-level Fl ying-Capa citor Inverter

Figure 1 shows the simpli�ed circuit diagram of a three-

lev el GTO inverter. Each phase has four GTO switches,

four freewheeling diodes and a capacitor.

Fig. 1. Simpli�ed circuit diagram of a three-level Flying-Capacitor
inverter

T ableI sho ws the possible switc hingstates for an in-

verter phase. Usually, the capacitor voltage ecx, x 2
fa; b; cg, is made equal to E=2. With this condition,

the states A and B supply the same output voltage

Vxn = E=2. In the output voltage control the A and B

states will indi�erently be named O states. The variable

cx (t), may assume the values 1, 0 or �1.

TABLE I

Switching states f or a three level inverter

States cx S1x S2x S3x S4x VxN

P 1 ON ON OFF OFF E

A 0 ON OFF ON OFF E�ecx
B 0 OFF ON OFF ON ecx

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 a�ect the capacitor voltage. In the A

and B states, the current of phase x o ws through the

capacitor Cx. Considering the current sense indicated at

�gure 2, the capacitor will be charging in the A state and

disc harging in theB state. The voltage ecx can then be
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con trolled by appropriate selection of the O state. As the

output voltage do not depend on the type of state used

(A or B), they can be used to independently control the

ying capacitor voltage.

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

F rom table I and �gure 2 can be veri�ed that the num-

ber of po wer devices commutations during a change of

switc hings states depends on the initial and �nal states.

In order to minimize the number of commutations the

states c hange are classi�ed in the form,

Good :

�
P $ AorP $ B

N $ AorN $ B
Bad :

�
A$ B

P $ N
(1)

A generic PWM signal using only good states commuta-

tions has been de�ned. This signal for a switching period

T is presented in �gure 3. The time duration of the P, O

and N states are indicated by �px(k), �ox(k) and �nx(k)

respectively.

Fig. 3. PWM Control signal cx(t)

With four di�erent switc hing states for eac h phase

the three-level ying-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 di�erent classes: (Z) zero vector

V0 ha ving ten switching states; (S) small amplitude vec-

tors (E=3) ha ving six di�erent switc hing states each i.e.,

V1, V4, V7, V10, V13 and V16; (M) medium amplitude vec-

tors (
p
3E=3) ha ving t w o switching states i.e., V

3
, V

6
, V

9
,

V
12
, V

15
and V

18
and (L) large amplitude vectors (2E=3)

ha ving only one switching state i.e., V2, V5, V8, V11, V14
and V17.

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-

ten t of the output voltages [1], [3].

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

III. Basic equations

The output phase voltage vxn(t), can be expressed in

terms of the control v ariablecx(t), as follo ws:

2
4 van(t)

vbn(t)

vcn(t)

3
5 =

E

6

2
4 2 �1 �1
�1 2 �1
�1 �1 2

3
5
2
4 ca(t)

cb(t)

cc(t)

3
5 (2)

The average value of the output phase voltages in the

k-th switching period, �vxn(k), is calculated by:

2
4 �van(k)

�vbn(k)

�vcn(k)

3
5 =

E

6

2
4 2 �1 �1
�1 2 �1
�1 �1 2

3
5
2
4 �ca(k)

�cb(k)

�cc(k)

3
5 (3)

where, �cx(k) is the a verage value of the con trol signal

of phase x in the k-th period. F rom �gure 3:

�cx(k) =
�px(k)� �nx(k)

T
(4)

The average voltage vector in the k-th period, �Vdq(k) is

de�ned by:

�Vdq(k) =
2

3

�
�van(k) + a�vbn(k) + a2�vcn(k)

�
(5)

with a= ej2�=3. Using the above equation and (3) it can

be found that:

�Vdq(k) =
E

2

2

3

�
�ca(k) + a�cb(k) + a2�cc(k)

�
=

E

2
�Cdq(k)

(6)

Where �Cdq(k) is de�ned as the PWM control v ector of

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

giv en reference voltage vector �V �dq(k) the PWM con trol

vector can be determined by:

�Cdq(k) =
2

E
�V �dq(k) (7)

The zero sequence component of the PWM control v ec-

tor is de�ned by:

�C0(k) =
1

3
(�ca(k) + �cb(k) + �cc(k)) (8)
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The pulse widths �px and �nx can be determined by

using equations (7) and (8) and the inversedq transfor-

mation. The pulse widths are calculated by:

�px(k)� �nx(k) =
2T

E
�v�xn(k) +

�C0(k) (9)

In order to determine the pulse widths for a given phase

the zero sequence component �C0(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 in to six sectors (A to F). In this section, the

switc hingpatterns for sector A will be de�ned. 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.

Fig. 5. Space v oltage vectors in sector A

A. Switching patterns for sub region A1

The switching patterns consist in a ordered sequence of

switc hingstates corresponding to the voltage vectors of

the in verter in a given region. The ordering of the vectors

can minimize the number of commutations of the inverter

switc hes.The sub region A1 contains three vectors (V0, V1
and V4) corresponding to seven di�erent 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 A1

is giv en b y /PPP/PPO/POO/OOO/OON/ONN/NNN/.

Fig. 6 sho ws the control signals of the three phases of the

inverter for 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.

Fig. 6. Switc hing patterns for the subregion A1

In the �rst 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 current 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 2TNNN = 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:

8>>>>>>>>><
>>>>>>>>>:

�pa(k)� �na(k)� �C0(k) =
2T
E
v�an(k)

�pb(k)� �nb(k)� �C0(k) =
2T
E
v�bn(k)

�pc(k)� �nc(k)� �C0(k) =
2T
E
v�cn(k)

�pa(k)� �pb(k)� �nb(k) + �na(k) = 0

�pb(k)� �pc(k)� �nc(k) + �nb(k) = 0

2�pc(k) + �pa(k) + �nc(k) = T

2�na(k) + �pa(k) + �nc(k) = T

(10)

Solving this system gives the pulse widths that de�ne

the PWM con trol signals in Fig. 6 for reference voltage

vectors inside sub region A1. The solution is given b y:

8>>>>>>>><
>>>>>>>>:

�pa(k) =
T
4
+ T

2E
(v�an(k)� v�cn(k))

�na(k) =
T
4
� T

2E
(v�an(k)� v�cn(k))

�pb(k) =
T
4
+ 3T

2E
v�bn(k)

�nb(k) =
T
4
� 3T

2E
v�bn(k)

�pc(k) = �na(k)

�nc(k) = �pa(k)

(11)

and �ox(k) is calculated by:

�ox(k) = T � �px(k)� �nx(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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(�(k) < 0 ou �(k) > T ). In this section, an algorithm is

presented to saturate the reference voltage vectors in the

overmodulation region.

In sector A, the limit of the overmodulation region is

giv en by the condition (v�an � v�cn � E) as indicated in

Fig.7. In the PWM method proposed, the reference volt-

age v ector of coordinates (v�an, v
�
bn, v

�
cn) in the overmodu-

lation region is replaced by the voltage vector (v�an
0, v�bn

0,
v�cn

0) with the same direction and the largest amplitude

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

Fig. 7. Ov ermodulation region

The voltage vector (v�an
0, v�bn

0, v�cn
0) is determined by

the in tersection of the line (v�an � v�cn = E) and the ref-

erence voltage vector (v�an, v
�
bn, v

�
cn). Expressed in d,q

coordinates:

8<
:

3v�
0

d

2
+

p
3v�

0

q

2
= E

v�
0

q =
v�
q

v�
d

v�
0

d

(13)

The solution of this equation system in natural coordi-

nates is:

v�
0

xn = kv�xn (14)

Where, the factor k is giv en b y:

k =
E

v�an � v�cn
(15)

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, giv en b y (15).

V. Generalizing the results

The determination of the pulse widths of the PWM

con trol signals when the reference voltage 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 shows the voltage ordering and re-

spective vector locations.

TABLE II

Loca tion of the reference voltage vector

Sector Phase voltages order

A v�an(k) > v�bn(k) > v�cn(k)

B v�bn(k) > v�an(k) > v�cn(k)

C v�bn(k) > v�cn(k) > v�an(k)

D v�cn(k) > v�bn(k) > v�an(k)

E v�cn(k) > v�an(k) > v�bn(k)

F v�an(k) > v�cn(k) > v�bn(k)

After the ordering procedure the phase voltages are

referred as v�
1n(k), v

�
2n(k) and v�

3n(k), where v�
1n(k) >

v�
2n(k) > v�

3n(k). The pulse widths are then calculated us-

ing the same expressions employed for sector A replacing

v�an(k), v
�
bn(k), and v�cn(k) by v

�
1n(k), v

�
2n(k) and v�

3n(k)

respectively and similarly replacing �pa, �pb, �pc, �na, �nb
and �nc by �p1, �p2, �p3, �n1, �n2 and �n3 respectively.

VI. Control of the flying Capa citors Vol ta ges

The output voltages and ying capacitors voltages (ecx)

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 de�ned by equation 16.

�ox (k) = �ax (k) + �bx (k) (16)

The A and B states pulse widths are given b y the value

of a control v ariablepx(k), �1 � px(k) � �1, de�ned by:

�ax (k) = �ox (k)
1 + px(k)

2
(17)

�bx (k) = �ox (k)
1� px(k)

2
(18)

If px(k) = 1, only the state A is used, �ax (k) = �ox (k)

and �bx (k) = 0. If px(k) = �1, �ax (k) = 0 and �bx (k) =

�ox (k). With px(k) = 0,�ax(k) = �bx(k).

Figure 8 presents an ON/OFF controller for the ying

capacitor voltage. The capacitor voltage and current in-

formation are used to determine the appropriate value for

px(k). In �g. 8 diagram the variable px(k) assume only

the v alues�1. So, only one of the O states (A or B) will

be used in a given modulation period.

Fig. 8. Bloc k diagram of the on-o� controller.
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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 = 5
 and L = 5:5mH . The frequency of

the reference voltage vector was 60Hz and the switching

frequency equal to 1440Hz, corresponding to a frequency

ratio (q) 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 ws the total

harmonic distortion calculated by:

SIG =

qP1
n=2

V 2
n

n2

V1
(19)

Fig. 11 shows the output line voltage for m = 0:5 and

Fig. 12 shows the voltage at the ying capacitor.
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Fig. 9. Fundamental component amplitude 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 ying-capacitor inverter prototype was imple-

mented to driv ea three-phase induction motor of 2HP-

220/380V. Flying capacitors of 470�F/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 aveforms respectively,

for a modulation index of 0.5. The ying capacitor volt-

age under the same operation conditions is presented in

�gure 15, showing the e�ectiveness of the proposed con-

trol method.

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

Fig. 14. Line output current
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Fig. 15. Flying capacitor voltage - 50V/div (E=300V)

Finally, �gure 16 presents the harmonic analysis of the

line v oltage with a modulation index equal to 0.5.
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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 trol a three-level ying 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 trol the ying ca-

pacitors voltages is employed. Complete independence

bet ween the output voltage con troland ying-capacitor

voltage control was assured. Lo w levels 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 PWMmethod

is described below.

Algorithm

1 - Sample the phase reference voltages:

v�an(k), v
�
bn(k) e v

�
cn(k).

2 - Order the reference voltages samples, obtaining:

v�
1n(k) � v�

2n(k) � v�
3n(k)

3 - Use table II to determine the sector of the reference

voltage vector.

4 - If v�
1n(k)� v�

3n(k) > E ! overmodulation

k =
E

v�
1n � v�

3n

(20)

8><
>:

v�
1n = kv�

1n

v�
2n = kv�

2n

v�
3n = kv�

3n

(21)

5 - If v�
1n(k)� v�

3n(k) < E=2 ! region 1:

8>>>>>>>><
>>>>>>>>:

�p1(k) =
T
4
+ T

2E
[v�
1n(k)� v�

3n(k)]

�n1(k) =
T
4
� T

2E
[v�
1n(k)� v�

3n(k)]

�p2(k) =
T
4
+ 3T

2E
v�
2n(k)

�n2(k) =
T
4
� 3T

2E
v�
2n(k)

�p3(k) = �na(k)

�n3(k) = �pa(k)

(22)

6 - If v�
2n(k)� v�

1n(k) < �E=2 ! region 2:

8><
>:

�p1(k) = �n3(k) =
T
E
[v�
1n(k)� v�

3n(k)]

�n1(k) = �p2(k) = �p3(k) = 0

�n2(k) = � 3T
E
v�
2n

(23)

7 - If v�
2n(k)� v�

3n(k) > E=2 ! region 4:

8><
>:

�p1(k) = �n3(k) =
T
E
[v�
1n(k)� v�

3n(k)]

�n1(k) = �n2(k) = �p3(k) = 0

�p2(k) =
3T
E
v�
2n(k)

(24)

8 -Else ! region 3:

8>>>><
>>>>:

�p1(k) = �n3(k) =
T
E
[v�
1n(k)� v�

3n(k)]

�n1(k) = �p3(k) = 0

�p2(k) =
T
2
+ T

E
[v�
2n(k)� v�

1n(k)]

�n2(k) =
T
2
+ T

E
[v�
3n(k)� v�

2n(k)]

(25)
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