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Simulation of Five Level Cascaded
Inverter by Using Carrier Based
Neutral Voltage Modulation Technique

S. Sarada,* R. Madhan M ohan,** and M. Thulasi***

Abstract: This project proposesa pulse width modul ation strategy to achieve balanced line-to-line output voltages
and to maximize the modulation index in the linear modul ation range where the output voltage can be linearly
adjusted in the multilevel cascaded inverter (MLCI) operating under unbalanced dc-link conditions. In these
conditions, thelinear modulation rangeisreduced, and asignificant output voltage imbalance may occur asvoltage
referencesincrease. From thisanalysis, the maximum linear modulation range considering an unbalanced dec-link
condition is evaluated. After that, a neutral voltage modulation strategy is proposed to achieve output volt-age
balancing as well asto extend the linear modulati on range up to the maximum reachable point. In the proposed
method, tool arge of adc-link imbal ance prec udesthe balancing of the output voltages. In neutral voltage modulation
strategy, thetotal harmonic distortion is reduced.

I ndex Terms: Harmonicinjection, multilevel cascaded inverters(MLCIs), neutral voltage modul ation (NV M), phase-
shifted (PS) modulati on, space vector pul se width modulation (PWM) (SVPWM).

1. INTRODUCTION

Multilevd invertersenable the synthesis of asnusoidal output voltage from several steps of voltages. For this
reason, multileve invertershave low dv/dt characteristicsand generdly have low harmonicsin the output voltage
and current. In addition, the switching of very high voltages can be achieved by stacking multilevel inverter modules.
Dueto these advantages, multilevd invertershave been applied invarious gpplication fields. InML Cl gpplications,
amodulation strategy to generate gating sgnalsisvery crucia to achieve high-performance control. Regarding this
issue, many studies have been conducted, and they are roughly categorized into multilevel selective harmonic
elimination pulse width modulation (PWM) (SHEPWM), multilevel carrier-based PWM, and multilevel space
vector PWM (SVPWM) methods. Generaly, acarrier-based PWM or SVPWM is preferred in gpplicationssuch
asmotor drives, where dynamic propertiesare very important, whereas SHEPWM is preferred in some high-
power static power conversion applications. An SVPWM method hasbeen studied to cover the over modulation
rangeinthemultilevel inverter.

To reduce thecommon-mode voltage, amultilevel SVPWM has been proposed. The series SVPWM method
has been reported to easlly implement SVPWM for the MLCI. An SVPWM is proposed for hybrid inverters
consisting of neutral point clamp and H-bridgeinvertersto improve output voltage quality and efficiency. Aswith
two-level inverters, it isalso possible to implement carrier-based SVPWMswhich are equivalent to traditional
SVPWNMs by injecting acommon offset voltage to the three-phase references. Some methodsto calculatethe
offset voltagesto achieve the optimal spacevector switching sequence are addressed. The performancesof a
carrier-based PWM and an SVPWM are compared, and aPWM schemeis proposed to obtain an optimal output
voltageinthe multilevel inverter. Onthe other hand, ML Clsrequire separated dclinks. Therefore, if thereisoneor
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morefaults present inthe dc linksin each phase, or if the voltage magnitudes of the dc linksareunequd, the output
voltage of the ML CI can be unbaanced without proper compensation. To resolve thisissue, some studieshave
been conducted.

It isshownthat theavailable modulationindex is reduced under faulty conditionson switchmodulesinmultilevel
inverters, and compensation algorithms are proposed for phase-disposition PWM and phase-shifted (PS) PWM
cases. For aSTATCOM application, azero sequence voltage to decouple athree-phase ML CI into three single-
phase ML Clsisapplied aswell aszero average active power techniquesto operate the ML Cl under unbalanced
source or load conditions. Reference explainswhy the optimum anglesand modulation indexes are necessary to
obtain maximum balanced load voltagesin the ML CI undergoing afault on switching modules. A neutral voltage
shifting technique has beenintroduced for balancing the state of charge inthe ML CI -based battery energy storage
system. A duty cycle modification method has been proposed to compensate an output voltageimbal ance caused
by single-phase power fluctuations.
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Figure 1: MLCl-based inverter for EV traction drive.

2. SYSTEM CONFIGURATIONANDVOLTAGEVECTOR SPACEANALYSIS
2.1. Configuration of MLCI for EV Traction Motor Drive

Fig. 1 showsthe EV tractionmotor drive systemthat isdealt withinthis paper. Inthisconfiguration, various power
ratings can be easily implemented by configuring the number of thesngle H-bridge modulesaccording to arequired
specification such asaneighborhood EV, full-size sedan, and so on. Here, each H-bridge module incorporates
voltage and current sensing circuitries, gate drivers, and communication interfaces between themoduleitself and
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themain controller. In addition, battery cellscan be dso included inthe H-bridge module. The unipolar modulation
techniqueisgpplied between two switchinglegsinthe H-bridgemodule. Therefore, the effective switching frequency
f_ inaphaseis

fow= 2N x f_ @

Where N and fc represent the number of the H-bridge modulesin each phase and the carrier frequency of
PWM, respectively. Asan example, Hg. 2 showsthe carriersfor each module, the duty cyclesin unipolar modulation,
and the output voltagewhen N = 2.

Phase shift modulation  Unipolar modulation
Camer | Carmier 2 o, d,

Phase output voltage

Figure 2: Unipolar and phase shift modulation for single H-bridge module.

B. Voltage Vector Space Analysis

When the dc-link voltage of asingle H-bridge moduleis Vdc, the output voltage vpn hasthree states, i.e., Vdc,
0, and —Vvdc,

[k B[
| k-

{

Figure 3: Output voltage of a single H-bridge modu Figure 4: One-by-three configuration MLCI.

AsshowninFig. 3. By adopting the concept of aswitching function, it can be represented as

Voo = SpV .
Sp € {_1’ 0’ 1}p:a, b, or, c (2)

Where Spisaswitching function and p can be replaced with a, b, or ¢, which represent the phases. Fig. 4
showsasmple one-by-three configuration ML Cl. For voltage vector spaceanalysis, the main concept isderived
fromthissmpletopology, and then, it isexpanded to morelevels. InFig. 4, there aretwo neutra pointssand nin
theMLCI. Here, the voltage between the output point of each phase and theneutral point nisdefined asthe pole
voltage. Thepolevoltagesarerepresented asv_, v, , andv_ . Thevoltage between the output point of each phase
and theload side neutral point sisspecified asthe phase voltage. The phasevoltagesincludev_, v, , andv_. By
using this concept, the voltage between the two neutra pointsisdefined as vsn and canbewritten as
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Vsn = _Vas+ Van: _Vbs+ Vbn: _Vcs+ Vcn' (3)

By using the condition that the sum of all phase voltagesiszero because theload does not haveaneutrd line,
v_ isrewrittenas

1
Vo = g(van +Von Vcn) . (4)

N,
Al

(a) (b)

Figure 5: Voltage vector space of one-by-three configuration MLCI.

By subgtituting (4) into (3), the phase voltage of each phase isrepresented asfollows by using the relationship
definedin (2):

2 l
VvV, =— \Y —
as 3 a dc a So dcb dc c
1 2 1
Vs = — :_3 Savdc,a + 5 SDVdc,b :_3 SVdc,c
1 2
Vcs :_ES dca SDVdcb+ SSVdcc (5)

If the magnitudes of three dc links are balanced so that V.V, ,andV,__havethesamevaueV,_, the
voltage vector spacein a3 coordinatesisdefined in Fig. 5(a) by using (5). Inthefigure, underbarsindicate that
the switching function hasthevaueof “ 1. A part of the hexagonin Fig. 5(a) isshowninFig. 5(b). Inthisfigure, the
vectorsv010 and v111 are placed at the same reference axis, phase b. However, the congtituents of those vectors
aredifferent. For vO10, thisvector can be synthesized without the other two phases’ assistance. However, v111
cannot be produced without other vectorsaccording to (5). Fromthis, let the vectorswhich do not require other
two phases assistanceto be defined as*“theindependent vectors.” Similarly, the vectorswhich require other
phases support aredefined as*the dependent vectors.” According to these definitions, v100, vO01, and vO10 are
theindependent vectors, whilev111, v111, and v111 arethe dependent vectorsin Fg. 5(b). Fig. 5(a) aso compares
theregionsthat can be composed by the independent and the dependent vectors. Unliketraditional three-phase

Vioo Y Yoo

INAdopPondont VOO LOrs i

IDependent veolors =« e e

Figure 6: Voltage vector space in an unbalanced dc-link condition.
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haf bridgeinverters, theindependent vectorscan befully applied in aswitching period because the dc linksin each
of thethree phases are separated in the given system. It should be noted that the maximum voltageis decided by
the dependent vectorsin the entirevoltage vector space. Now, let us consider the casewhen athree-phaseload is
supplied by unequal dclinks. Fig. 6 shows an extremely unbalanced case where VVdc_aishalf of theothers. If
Vdc_a decreases, the magnitudes of theindependent vectorsin phase a area so reduced. Asareault, the magnitude
of v100 isdecreased. Here, the phase angle of v111, which isthe sum of v010, v100, and v0O01, isno longer
matched with the angle of the independent vectorsin phase b from the figure. As shown in thefigure, if the
magnitudes of theindependent vectors arereduced, the available voltage vector spaceisalso reduced, and the
angles of thedependent vectorsare no longer multiples of 60ac%.

3. PROPOSED MODULATION TECHNIQUE
3.1. Traditional Offset Voltage I njection M ethod

The offset voltageinjection schemeisapopular technique in three-phase half-bridgeinverter applications. The
theory behind thisisthat an offset voltage isincorporated with phase voltage references to implement various
PWM schemesin carrier-based PWM by using thefact that line-to-linevoltagesare applied to athree-phase load.
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Figure 7: Implementation of the NVM method.

o Vo Vo . Co
— _max min —
Vg, = > V., =Mmax (vas,vbs,vcs)
Vmin = mln(vas’vbs’vcs) (6)

Then, the polevoltagereferences v, ,v;,,, and v, whichwill be converted to PWM duty references, are

V;n = V;s - V;n V:)n = V:)S - V;1 V;n = V;s - V;1 : (7)
However, the aforementioned technique may not maximizethe linear modulation rangein ML Cl undergoing
unbalanced dc-link conditions.

3.2. Proposed NVM M ethod

If thedclinksinanMLCI areunbalanced and the traditional offset voltageinjection methodsare utilized, the three-
phase output voltages may become distorted asthe phase voltage reference approaches Vi mac Thisisbecause
thetraditional methods are not consdering unbalanced dc-link conditions. Therefore, evenif aphase can synthesze
anoutput voltage referencein the linear modulation range, the other phases can be saturated or go into the over
modulation region. Inthis Stuation, aneutrd voltage can be produced by the saturated or over modulated phase.
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Inorder to resolvethisissue and to synthesizethe output voltageto V e inthelinear modulationrange, theNVM
techniqueis proposed inthis paper. Fig. 7 showsthe concept of the proposed NVM technique. Here, aneutral
voltage betweenthe two neutral pointsnand sinFig. 4ismodulated to compensate the output voltage imbalance
caused by unbalanced dc-link conditions. To do this, first, the weight constant K isdefined as

V,. mid+V,, min

KW = 2 * (8)

By using (8), theweight factorsarecaculated as

KW KW KW
KWfa = Kw,b = Kw,c = (9)
\Y Ve b A/

dc.a dc_c

WhereK , K .,andK _represent theweight factorsfor phasesa, b, and c, respectively. Next, the weight
factorsare multlplled by the phasevoltage references, and the new references v, i, and V., areobtained as,

\/as = Kw,av;s \/bs = Kw,bvgs \/cs = Kw,cvcts' (10)

It should be noted that, depending on dc-link conditions, thesumof v, Vi, and V., may not be zero. By using

these components, theinjected voltage and the pole voltage V., referencesaregiven as

Vi = MaX (Vg Vig, Vi)V,

min

= Min (g, Vig, Vi )

Var || Vas = Vin
Vi TV, Vo =V =V |
Vén max 2 min En ES sn (11)
Ven Ves — \/m

Vao | | Van = Vi Vas = Vi = Vos + Vi | | Vas — Vi
* * * ’ * ’ * *

Ve [T Von = Ven | == | Vbs ~Van Vs T Var [T | Vbs — Vos |- (12)
* * * * ’ * ’ * *
Vea Ven — Van Ves =V = Vas Vg Ves — Vas

Asit canbe seenin (12), v,, doesnot gppear intheline-to-linevoltages, and it is still considered asahidden
freedom of voltage modulation. Now, let us consder theroleof theweight factorskK K ,andK ,whichare

w.a' ‘wb’

inversely proportiona to the corresponding dc-link voltage. For convenience, let usassumethat the n*agnltud&s of
thedc-link voltage are under thefollowing relationship:

Vdc_a < Vdc_b < Vdc_c' (13)
Then, from(9) and (13)
Kwa>wa>ch Kwa>1wa’ ch<1' (14)

Equation (14) gives

| Vool > Vo] Vo] < V- (15)

V| > |V
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From(11) and(15), it can berecognized thet, if V.., whosedc-link voltageislessthantheothers, iscorresponding
tov,, orv

min?

theabsolute value of V., isgreater than v in (6). Ontheother hand, thefinal pole voltagereferences
V.., Vi,,and Vv, arecalculated by subtracting V., fromthe original phase voltage references v, v, and v asin
(11). Fromthisreasoning, inthisexample, it issupposed that, if v/ iscorrespondingto Vv, , thenthefinal pole

voltagereferences v, ,v, , and v, arelessthantheoriginal polevoltage referenceswhich are not considering

an’

V., but V. Onthecontrary, if Vi is V.. , thenthefina polevoltagereferencesare greater thanthe original pole

voltagereferences. By using this principle, the proposed method reducesthe portion of the phase whose dc-link
voltageissmaller than the othersand increasesthe utilization of the phaseinwhich the dc-link voltageisgreater

than those of the other phases. However, asit canbe seenin (12), v., does not affect theline-to-line voltages.

Therefore, theline-to-line voltageisthe sameasthe one derived from the original phase voltage reference. From
thisanalysis, the proposed method enablesthe maximum synthesizable modulation index inthe linear modulation
range under the unbalanced dc-link conditionsto be achieved. Inadditionto this, if dl of thedc-link voltagesare
well balancedsothat V,__,V, ,andV, _areequaltoV,.

dc_a’ "dc b’
Vdc_mid = Vdc_min = Vdc' (16)
By subgtituting (16) into (8)—(10)
KW — Vdc,mid _;Vdc min =Vdc

Kwa: wa = ch: 1

'\ '\ '\
Vas_vas Vbs_vbs \ _Vcs' (17)

cs

Equation (17) showsthat the proposed method givesthe samevoltage references asthetraditional method
under balanced dc-link conditions.

4. CONSTRAINTSOFTHE PROPOSED METHOD

Inthissection, the limitation of how unbaanced dc links can bewhile still being compensated by the proposed
method isevaluated. Fig. 8 showsthe modulated voltage waveformswith different modulation methodsand dc-
link conditions. Inthefigure, cases| and |1 show theresultsof traditional snusoidal PWM (SPWM) and carrier-
based SVPWM, whilecases| 1 and IV illustrate the waveforms of the proposed method with different ratios of
dc-link voltages. InFig. 8, the verticesat [ In/2 and 3rt/2 rad almost comein contact with, but do not cross, thezero

Figure 8: Comparison of modulated waveforms. (1) Without. (11)
Traditional carrier-based SYPWM. (I11) Proposed NVM with V=
0275V_,V, ,=V,.andV, =V, . (IV)Proposed NVM withV,  =0.2

dc’ “dc b dc_c dc_a
V.,V .=V, andV,_ =V,
c dc

dc’ “dc b dc_c
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point. However, thedirections of the verticesare opposite the original phase voltage referenceincase I V. This
meansthat an excessve and unnecessary voltageisinjected into the system.

The maximum linear modulation rangeisreduced, and the lineto linevoltage may be distorted. With thisbasic
concept, it isassumed that aphasewhich hasthelowest dc-link voltage commands v max and aphasewhich has
the highest dc-link voltage commands v min to examineaworst case stuation. From (10) and (11), thefollowing
equations can be established:

Vdc, mid + Vd

c_ min _ *
\/max = 2V Vmax
dc_min
\/ _ Vdc,mid +Vdc, min _ *
min 2V Vmin
dc_ max
/ Vr’nax + Vr’nin
Vg, = —2 . (18)

By using (18), the pole voltage referencewhich isconsdered asthewors caseis

'
Vix T

V. o=y ——max  Tmin
max_n max 2 (19)
By substituting (18) into (19), wehave
V i +V i * chi +chin *
V,’mx = 1_ dc_mid dc_min Vmax . dc_mid dc_ Vmin- (20)
) 4Vdc, min 4Vdc, max

Unlessall three-phase voltage references are not zero simultaneoudly, near a positive peak of the original
voltagereference, thesufficient condition which guaranteesthe same polarity between v max and v minisestablished
asfollows:

Ve n>0 v >0 v. <O. (21)

max_n

By substituting (20) into thefirst conditionin (21), thefollowing condition can bewritten:

Vdcfmid + Vdcf min Vdcfmid + Vdcf min

klv:nax > kzvr*nin k1 :1_4\/— kz =4V—. (22)

dc_min dc_ max

Here, it isobviousthat k2 isaways positive. Therefore, aslong ask1 ispositive, the condition (22) isalways
satisfied, and k1 can berearranged asfollows:

3vdc min +Vdc mid
Ky =£ - - J (23)

ZAYS

dc_min

Equation (24) isthen directly obtained from (23) to ensurethat k1 will awaysbe postive

1
Vdc,min > :_gvdc,mid . (24)
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Notethat (24) isasufficient conditionto meet the conditionsin (21) so that the proposed method can be
applied. However, evenif (24) isnot satisfied so that k, isnegative, there till isachanceto apply the proposed
method. To deal with thissituation, let us consider the relationship between v* max and v¥ min asfollowsat a

positive peak point:

Vo =2V . (25)
By substituting (25) into (22), wehave
-2k > K, (26)

Sincek isnegativeinthis case, the following conditionisderived from (26);

k,
] < (27)

If the relationship between k, and k, is established as in (27), even if the provisionin (24) is broken, the
conditionsin (25) are satisfied s0 that the proposed method canbe till effective. Let usrecall Fig. 9 again here. In
thefigure, thevaluesof |k | and k /2 for caselll are evaluated as0.1591 and 0.1593, respectively. Although the
difference betweenthetwo vauesisvery small, (27) isstill truewith these values. For caseV, thevaluesof [k |
and k,/2 arecalculated as 0.5 and 0.3, respectively.

4.1. Duty Calculation

InFig. 7, thefind voltagereferences are entered to the duty reference calculation block. Inthisblock, the duty
references of each H-bridgemodule arecaculated asfollows:

. V.
dy=dl, == djy ==
al a2 aN VdCJ:1
. v,
dry =0, == djy =
bl b2 bN \/dQb
- LV,
d,=d,=...=dy = v (28)

The calculated duty references are compared to PS carriersto generate gating signals, asshowninFig. 9. It
should be noted that the duty referencesfor each H-bridge in each phase are shared inthe PS modulation.

a® r -
rl T » 1
& = i

e -
a ~ o I
&

-~
"~
Wl

Figure 9: Comparison of the duty references and the carriers.
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Fig. 10 comparesthe voltage vector spaces and the voltage trajectoriesin the o — B-axes of traditional
SPWM, traditional SVPWM, and the proposed NV M method under the given smulation condition. Compared
to the balanced dc-link case, the area of the voltage vector space is reduced under the unbalanced dc-link
condition. Inthefigure, the traditional SPWM showsthe worst voltage distortion and the minimum voltage
vector space. Thetraditional SVPWM gives more areathan SPWM, but still, the voltage distortion is not
avoidable. The proposed method shows no distortion on the output voltage and maximizes the voltage vector
space compared to other methods.

40 Balanced case
Traditional secccececdbococen
. ’
30} SVPWM 4

v Traditional
& SPWM

20 ‘ /

10 4

10 N
20 { .
230 |'.'n'nn ‘

-40 Unbalanced case

-40 -20 0 20 40
Ve V]

Figure 10: Comparison of the voltage vector trajectories.

5. RESULTSAND DISCUSSION

A simple one-by-three configuration MLCI model is built in MatlabSimulink. The three-phase RL load with
R=0.1Q and L = 1mH isemployed. Thedc-link voltagesfor each phaseareVdc_a=0.5% 30V, Vdc_b=0.75
x 30V, and Vdc_c=30V. The maximum synthesizable phase voltagein linear is

_0.75x30+05x30 _, oo/

Vph, max \/5 (29)

Thevoltagereferencesare given by

v, =V sin(1007t)

as — Y ph.max
Vis =Von max SIN(A007t — 272/ 3)
Vie =V ma SN(A007t + 277/ 3) (30)
Thegeneral sSmulationmodel for thetraditiona SPWM, traditional SV PWM, and theneutrd voltage modulation
isshowninfig.11.

Fig. 12 showsthetime-domain smulation resultswith the same smulation condition. Fromt =0.0stot=
0.05 s, traditional SPWM isused. Fromt=0.05stot=0.1s, traditional SVPWM isused. After t =0.1s, the

proposed method is applied. When traditional SPWM isapplied, v, iszero, and the polevoltage references

areidentical to the onesin (30). Withtraditional SVPWM, v_ isno longer zero, and the peak voltage of the

polevoltage referencesisreduced compared to SPWM. However, the duty reference of phase a, where the
dc-link voltageis minimum among the three phases, is saturated in both cases. Whereas with the proposed

method, the fundamental frequency component of the neutral voltageisincluded in v, , and the duty references
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Figure 11: smulation model of 3 level cascaded inverters using traditional SPWM,
traditional SVPWM, and the neutral voltage modulation.

arenot saturated. The benefit of the proposed method can aso be observed from the peak value of the phase
current inthelast section of thefigure. Under traditional methods, the phase currentsare unbalanced. However,
the phase currentsare well balanced with the proposed method. Fromthe simulation results, it canbe seenthat
the proposed method can synthesize the maximum available phase voltagein the linear modulation range under
unbalanced dc link.

TheNVM isutilized as shownin Fig.11; the phase current imbalanceis compensated. At t=0.1sec theNVM
isapplied, and the measured THD isabout 4.18%.

6. EXTENSION WORK

TheNVM method 3 level cascaded invertersused. The extenson work for the proposed NVM 5 level cascaded
invertersused, theNVM isable to balanceline-to-line output voltagesaswell asto maximizethe linear modulation
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[Sec] Figure 13: THD result of NVM

Figure 12: simulation result of traditional SPWM, traditional
SVPWM, and the proposed method.

Figureld: smulation model of 5 level cascaded inverters using traditional
SPWM, traditional SYPWM, and the neutral voltage modulation.



Simulation of Five Level Cascaded Inverter by Using Carrier Based 1369

range under un balanced DC-link conditions. The THD may aso reduced by usng NV M. The smulation model
for theextenson NVM isshowninfig.14.

The simulation resultsof 5 level cascaded invertersusing traditional SPWM, traditional SVPWM, and the
neutral voltage modulation as showninfig.15. Fromt = 0.0 stot = 0.05 s, traditional SPWM isused. From
t=0.05stot=0.1s, traditional SVPWM isused. After t = 0.1 s, the proposed method is applied.

(540

Iy (" oo B el e tiall)
)

3
It

[Sec] Figure 16: THD result of NVM

Figure 15: smulation result of 5 level cascaded inverters using
traditional SPWM, traditional SVPWM, and the NVM method.

The5leve cascaded invertersNV M isutilized asshown in Fig. 14; the phase current imbalanceis compensated.
At t=0.1sec the NV M is applied, and the measured THD isabout 1.90%.

7. CONCULSION

Fromtheanalyss, the maximum linear modulation rangewas derived. The proposed NVM techniqueisapplied to
achieve the maximum modulation index in the linear modulation range under an unbalanced dc-link condition as
wdll asto balancethe output phasevoltages. Compared to the previous methods, the proposed techniqueiseasily
implemented and improvesthe output voltage quaity under unbalanced dc-link conditions. Both simulationsresults
based on the | PM motor drive application verify the effectiveness of the proposed method. The NVM method
compensatesthe voltage and current imbaances under unbalanced dc-link conditions. The THD isreduced.
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