Virtual-Flux Decoupling Hysteresis Control for the
Five-Level ANPC Inverter Connected to the Grid

L. A. Serpd, P. K. Steimef and J. W. Kolaf
*ABB Corporate Research

Power Electronics Applications, Datwill, Switzerland

Email: leonardo-augusto.serpa@ch.abb.com
TABB Switzerland Ltd.

Power Electronics and MV Drives, Turgi, Switzerland

tSwiss Federal Institute of Technology - ETH
Power Electronics Systems Laboratory, Zirich, Switzetlan

Abstract—Interest in multilevel power converters has been their application by the industry. Recently, a new converte
increased in the last decades due to numerous advan- topology has been introduced [3] to overcome some of the
tages. Therefore, new control concepts have to be developed 51,6 mentioned limitations. The five-level active newtral

existing control techniques must be extended to take advaage . . .
of these benefits.However, although multilevel inverters gesent point clamped (ANPC) converter combines characteristics o

numerous advantages, some drawbacks are evident. They re- the NPC and FC inverters.

quire a higher number of semiconductors and either multiple However, as new multilevel topologies are proposed, either
isolated dc sources or a bank of series connected capacitors new control techniques must be developed or existing cbntro
Consequently, the control complexity increases considebdy, pathods have to be adapted. Among the existing methods the
since more switching devices normally result in a higher nurber - .

of possible combinations and the balance of the capacitorsals Virtual-Flux Decoupling Hysteresis Control (VF-DHC) has
to be guaranteed. In order to fulfill these requirements, ths Shown a good performance for the two [4] and the three-level
paper extends the Virtual-Flux Decoupling Hysteresis Conbl  [5] topologies. It combines the simplicity and fast dynamic
(VF-DHC) scheme previously presented for the classical two response of the classical hysteresis controller to a naar co

level and the industry standard three-level NPC inverters b i ; i ;
. : . _ nt switching fr n ration achiev mployin
operate with the recently introduced five-level Active Neutal- stant switching frequency operation achieved by employing

Point Clamped Inverter (ANPC). a decouple network an_d mod_ulated hy;teresis_ boundaries.
The decouple network is applied to avoid the interference
|. INTRODUCTION between phases that is inherent in isolated neutral three-

For low power systems, the classical two-level invertgshases systems.
is typically employed as the interface between dc-supply The VF-DHC to operate with the five-level ANPC inverter
and load. However, modern applications, which range froproposed in this paper is a natural extensions of the two
hundreds of kilowatts up to a few megawatts, demand specéid three-level approaches. However, the hysteresisgieat
converter structures. One alternative is to connect swigch used in both concepts must be modified in order to further
devices in series to cope with the high voltage stresextend the ability of the controller to select differenttagle
However, this technique requires a precise method to enslegeels. In addition, the five-level ANPC inverter requires
the voltage share between the devices in dynamic and staiditional control of the mid-point potential and the vgka
situations. Another method that has been well accepted bgross the floating capacitors.
the industry, and is emerging as the standard solution for
high power medium voltage applications, is the Multilevel
Converter. These structures have the ability to synthdésize ~ The active neutral-point clamped (ANPC) inverter pre-
output waveform from several levels of voltages, improvin§ented by one-phase leg in Fig. 1 produces five distinct dutpu
the spectrum quality when compared with the classical tw¥0ltage levels by combining the three-level characteristi
level topology. Furthermore, it permits the use of powetthe input stage(ell 1) with the two-level of the output parts
devices with lower voltage rates and reduces electromignet
compatibility concerns, due to a smallér/d¢. The basis of ol 1
this new branch of topologies is the Neutral-Point Clamped m
(NPC) three-level inverter proposed in 1980’s [1]. It wds S o s
a series connection of dc-sources (generally realized by ‘
capacitors) and clamping diodes to generated three output ’
voltage levels. Using the same principle, but with différen M
clamping elements, the three-level Flying Capacitor (FC)
[2] topology makes use of capacitors to limit the volt- ‘
age across the non-conducting switches. An extension of
these topologies to higher number of voltages levels may
be achieved including extra clamping elements. However,
both topologies reveal technical difficulties which coropte Fig. 1. One phase-leg of a five-level active-neutral pointvester.
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(Cell 2 and Cell 3). Moreover, unlike classical five-level b L,
topologies, the ANPC inverter splits the dc-link into only P

two capacitors and requires only a single floating capacitor
for each phase. Consequently, it reduces costs, volume aBB. 2. Virtual-Flux Decoupling Hysteresis Control (VF-[H scheme.
control complexity.

Five output voltage levels are achieved from eight distinct
switching combinations, indicated by the combination & th  The DHC has an additional control loop that generates the
switching functions ofS;, S3 and S; in Table I. One can current control signalj,. By summing the measured line
note that the switche$; and 57 are operated in the samecurrent, i, ; with io, a virtual currenti/ ; is formed. With
way and complementarily t6s and Ss. the correct formation of, the switching of the hysteresis

The list of switching combinations also shows the presenegntroller can occur without any interaction between edch o
of redundant states, which generate the same output voltage phase controllers. The phase interaction is causedibeca
level referred to the dc-link mid-point/. The voltage level the dc bus mid-point to neutral voltage is not constant, as it
—44- js generated either by the switching statg or us. depends on each of the inverter output voltages.
Nevertheless, they cause an opposite effect on the floatingReducing the phase current interaction results in the
capacitor voltage, due to the different combination of thewitching frequency becoming more uniform and allows for
switches. For a positive output phase current for examplg,near constant switching frequency if a variable hystsresi
while stateu, dischargesus charges de floating capacitor. pand is implemented.

A similar behavior is observed on the level produced
by the statesis and u;. Depending on the direction of the V. VF-DHC FORFIVE-LEVEL ANPC INVERTER

output phase current, these states have the ability to eharg The Virtual-Flux Decoupling Hysteresis Control operation
or discharge the floating capacitor. with the five-level ANPC inverter is a natural extension o th

Besides that, the redundant combinations have also difvo-level VF-DHC. The dashed area in the center of Fig. 3
ferent impact on the mid-point potential, depending on the
switching state of the input stage. For building an output
voltage equal to—*¢=, the input stage can be connected N
either to the negative potential“{= (u2) or directly to M
(u3). For the voltage level equal té4=, the switching state I
ug results in mid-point current flow, while; is connected
to the positive potential.

Therefore, this analysis clearly shows a degree of freedom
to balance the floating capacitor of each phase individually
by properly selecting the switching states according to the
direction of the output current and the state of the floating

i Aut

capacitor voltage. The influence of each phase on the mid- mfdﬁ\ 5’0 3~
point potential can also be regulated using redundantsstate ][

to create or avoid a link between the output avd

IIl. VF-DHC FORTWO-LEVEL INVERTER

The decoupling hysteresis controller (DHC) [6], as shown
by shaded DHC area in Fig. 2, has the same basic outer
structure as the standard current hysteresis controllerevh
the phase current is subtracted from a current reference and

the hysteresis controller generates a switching signah fro
the current error. Fig. 3. VF Decoupling Hysteresis Control for 5-level ANPeénters.




marks the blocks which require special attention. (o) It
In order to permit the inverter to switch among five

voltage levels, the hysteresis strategy is adapted inodudi

two extra hysteresis boundaries. Moreover, the expression =

which determines the shape of the modulated hysteresis has

to be adjusted. 4
Due to a three-level characteristic of the input cell of 08

h(t)

the five-level ANPC topology, the method presented for
the three-level NPC inverter, which balances the mid-point

0.6

potential M by injecting an offsefl, into the phase currents 2047

can also be employed. However, since the ANPC inverter 021

demands additional control of the floating capacitors, an

extra control block called modulator is included. It balesic ’ 24 6 8 w0
individually the floating capacitors according to the outpu fime ]

currents direction. Fig. 4. Modulated hysteresis.

A. Hysteresis Srategy

Since the shape of the modulated hysteresis band necasy change. The threshold for changing to another hysgeresi
sary to achieve near constant switching frequency is highhape is the intermediary voltage levgk.
influenced by the number of voltage levels, the method The difference between the inverter fundamental voltage
applied for the calculation of the two and three-level sysand the threshold limit (3) indicates the beginning and end
tem hysteresis boundaries must be reviewed. The five-lewdlthe application of the different shapes
inverter requests a slightly different approach, sincandur
the positive cycle the inverter output voltage can switthegi t12(t) = Uinw,i(t) — Yde (3)
between“{= and0 or “¢= and“{= according to the operating 4
point. Hence, the analysis shall be performed separately. Fig. 4 illustrates the time behavior of both hysteresistmi
Within the first interval, the inverter switches téd« hy and ho, considering a sinusoidal fundamental inverter
allowing the current to increase from the lower hysteresiltage. The transition between the two boundaries to build
limit to the upper limit. When the current reaches the uppdfe complete hysteresis is controlled by the functiors.
hysteresis limit, the controller changes the switchingestaDuring the interval where the inverter fundamental voltage
of the switching devices appropriately to generate an dutpig lower then®{= (¢;2 < 0), the controller utilizes:;, while
voltage equal td. As consequence the load current decreasés is selected fort;, > 0.
from the upper to the lower hysteresis limit. Combining both Although the modulated hysteresis allows for a near con-
switching times, the hysteresis ensuring a nearly consta#iént switching frequency, a dedicated multilevel hystisre
switching frequency in the interval where the fundamentalrategy has to be employed to switch between multiples
inverter output voltage is lower thet= can be expressed output voltage levels as shown in Fig. 5. The current error

as is maintained inside of the inner bands, allowing the iretert
to switch only between two consecutive levels. If the state

Uinv,i (Y42 = Uino,i) selected is not able to correct the current error, the cthairo
hiy = 2 Ly« fo- e @ switches to the next upper (or lower) level when the error

) ) . crosses the second hysteresis boundary. This finally forces
From the point where the inverter loses the capability the cyrrent error to operate within the inner bands. Even

regulate the output current by switching only between tfe tWhq,gh a double hysteresis band is sufficient to achieve good
lower voltage levels(;,,; > “4), the controller changes

immediately to the next higher level, selecting approptiat
either == or “f=.

During this second period, to increase the current from
the lower to the upper hysteresis limit, the inverter getesra
an output voltage equal t&-=. In order to bring the current
back to the lower boundary, and to limiu at the same
time, the controller switches to the next lower levgt.

The combination of the on- and off-times provides the
switching period and consequently the modulated hysteresi
expression

h, Aijyy

Udc
- uin’u,i) (uinv,i - 4r)

. 2
Q.Lg.fs.uzc () o

Ude

hia = ( .

Inversor output level

Therefore, this analysis shows that depending on the 4 %me[m? e 20
amplitude of the fundamental inverter voltage, the hysiere
shape necessary to achieve a constant switching frequency Fig. 5. Hysteresis strategy.



steady-state performance, a four level hysteresis is egpli
to force the current error back into the inner bands as fast as
possible during transients by using extreme dc voltagddeve

B. Mid-Point and Floating Capacitor Balance

The majority of the mid-point voltage balancing schemes
rely on some form of manipulation of redundant vectors
available in multilevel topologies. In general the regialat
is achieved by adjusting the relative on-time of the redunda o o
switching state acting in the direction of a reduction of Al oo, i diterent values of mains voltage and cunrent phactani
existing mid-point unbalance [7].

Since in the hysteresis method the control signals are

generated directly from the difference between referenegainst a reference (5), which is normally half of the total

and actual value of each phase current according to the-link voltage, and produces a proportional dc conirgl..;
hysteresis boundaries, the possibility of controlling tthiel-
point voltage by influencing the frequency of each redundant
state is limited basically to a modification of the reference (®)
value shape. Therefore, since the amplitude and sinusoidal (6)
shape of the currents references are given by the power
requirements, the only remaining degree of freedom is the The influence of the controller output voltage; . on the
addition of a zero-componei average mid-point current is shown in Fig. 7. This clearly
shows that if forp = 0°, e.g. the lower capacitor voltage
(4) wuc, is below the reference voltagec, ,.,, the resulting
. ) positive controller output voltage,,, .., produces a negative
where the offsel, is set to be equal in all three phases andyerage mid-point current, which charges the lower capacit
consequently, its influence on the current shape is cancelgdancing the mid-point potential. However, for different
in systems with |solatgd mains neutral point where the supdues of mains voltage and current phase-shift (he
of the phase currents is forced @iy, r + 4,5 + 45,7 = 0)-  controllability of the mid-point current and consequertly

One can note thal, has a direct influence on the locationye migd-point potential is reduced whenis approaching
and shape of the tolerance area (Fig. 6), which is defined o

the intersection of the tolerance bands of each phase. For & eyertheless. for the five-level ANPC inverter due to

classical operation without offset d = 0, the tolerance eyisting redundant switching states to generate the levels
area is represented by an equilateral hexagon (Fig. 6(a));q_,c and “, there exists an extra degree of freedom

resulting in segments of positive() and negative ;) g palance the mid-point potential.When the controller of
switching thresholds with equal length. As consequenez, tBhasez‘ decides to apply an output voltage level of=,
resulting average mid-point current is zero. However, Wh€nine inverter has two switching state alternatives,andus,
positive offsetl, is added to the phase currents, the toleranggnich affect differently the mid-point potential. Whilease
bands of each phase are shifted to the positive side acgprd{% connects the inverter output directly f/ to generate

to Fig. 6(p). The intersection of the bands now creates gfe yoltage level— %= (Fig. 8), stateu, establishes a
asymmetric tolerance area, where the the posithie, (:5.  connection to the negative potential. As consequenceenly
h) and the negativeh(y, hg, hr) switching thresholds are infiyences the potential of/ dependent on the output phase
of unequal lengths, resulting in a positive average mid¥poicrrent, The same situation occurs for the voltage Iégel
current. While ug makes use of\/, u; is connected to the positive
_In the proposed VF-DHC, the zero sequence curi@nt potential, To use the benefits of this extra degree of freedom
is created by subtracting the signal of the voltage corrollihe modulator shall select the switching state which either
e from the input of the integrator (Fig. 3). The voltagecoyrects the mid-point deviation or does not influedide
controller compares the voltage across the lower capacitory strategy to select the proper switching state to balance

the mid-point potential according to the voltage deviation

Mid-point current [A]

Au = uClymf — ucl
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Fig. 6. Tolerance area of a three-phase hysteresis camt(all without dc

offset and (b) with positive dc offset.

Fig. 8. Effect of the redundant switching statesandus on the mid-point
potential and floating capacitors.



et

Mid-Point Sy el
Floating
Capacitor

b1 —

Balance Control Signal

(a) Mid-Point (b) Floating Capacitors

Fig. 9. Balancing strategy to control the mid-point poteinfa) and floating  Fig. 10. Switching between floating capacitors and mid-poantrol.
capacitors (b) for the voltage Ievel%

V. EXPERIMENTAL VERIFICATION
of the lower dc-link capacitoAuc, and the direction of

currenti;, is applied as illustrated in Fig. 9(a). Considerinq_ level ANPG 4 in Fia. 11 I
that the lower dc-link capacitor must be chargadsc, = 1, 'VEl€Ve prototype presented in Fig. 11.18m

and the inverter is generating a positive phase current, qQpitput filter cqnnects a co.ntrqlled 400\_/ 3-pr_1ase AC, power
stateus is applied, the resulting positivia, would continue source to the inverter, which is operating _W|th a_swnchmg
to discharge the lower capacitor. Therefore, a reasonakgrlgquency 0f2.5kH 2. The 800V dc_power IS prow_ded b_y
alternative is to select state, that although not correcting two 10kW - GQOV dc power supph(_as_ conne_cted N Series.
the deviation, at least does not contribute negativelya!xastThe.ContrOIIer is implemented fully digitally using an Ao
us. This logic is repeated for all different combinations oPewces ADSP21991 16-bit60M Hz DSP platform.
Auc, ; andi;, and is extended to the voltage levek with
the switching statesg andu;.

Besides being useful to balance the mid-point potential,
the redundant states can also be used to balance the floating
capacitors. For a positive output phase currgpt ;, state
ug discharges the floating capacitor (Fig. 8(a)), while state
ug charges (Fig. 8(b)). For a negative current, the effect on
the floating capacitor is reversed. Therefore, the modulato
block is in charge to select the proper state to balance the
floating capacitor according to the output current directio
i; (1 for positive and 0 for negative current), as illustrated
in Fig. 9(b). Additionally, a hysteresis controller proggito
the decision block, an input 1 when the capacitor voltage Fig. 11.
deviation Aupc,; reaches the upper hysteresis limit and
0 for reaching the negative. If the voltage of the floating Initially
capacitorupc; is below the referencerc ; .y minus the ’

The experimental verification is performed using 61’

Photo of the three-phase five-level ANPC prototype.

the experimentation is focused on the effective
ness of the decoupling method when applied to a five-

limit allowed by the hysteresis controller,‘_|.ésupc,i =L jevel ANPC inverter. Fig. 12 shows the static performance
assuming a positive output phase current,ii.e= 1, the state concerning output phase curregt; and voltageu,. x for

ug shall be selected to charge the capacitor. On the otk}% classical hvsteresis approach (Eig. 12(a)). the dé
hand, for the same voltage condition but negative outp y PP (Fig. 12(a), b

h S i th hoi bal Method (Fig. 12(b)) and the behavior of properly modulating
phase currenti; = 0, uy Is the correct choice to balancey,, v sreresis boundarids; (Fig. 12(c)). One can note
the floating capacitor.

_ ) that the inverter output voltage generated by the classical
The same strategy is applied when the current controllgysteresis controller is very irregular with long intewal
selects the voltage leve}=. To generate this level the mod-yyithout any action. The performance is more consistent

ulator has two choices, stateg andu;. While the first state \ynen the calculated zero sequence curigis added to the
discharges the floating capacitor, considering a posifisp measured phase currents, enabling the decoupling strategy
current, the second state increases the capacitor voltage.ihis case, the inverter output voltage turns out to be
A_ similar decision block and logic strategy as shown in,ore regular, although there are still some gaps during
Fig. 9 are used to choose among these states, where s{gifisitions between levels. Further improvement is actev
ug replacesus, while u; takes the position ofi. by varying the hysteresis limité;, where the hysteresis

However, during normal operation the switching statBand shows a low width exactly in the moment when the
selected to control the floating capacitor might not be negwysteresis controller demands a transition to the nextdtigh
essarily the proper choice to balance the dc-link voltaggor lower) level. This directly influences in the switching
Therefore, a method to switch between these two COI’]UO”Q’(’%quency which becomes more constant as shown by the
is required. current spectrum analysis of Fig. 12(d)-(f). The inherent

In the proposed approach, each control is selected evevide spread frequency spectrum generated by the classical
switching period successively, as illustrated in Fig. 10elo  hysteresis approach is presented in Fig. 12(d). It becomes
a nearly constant switching frequency obtained with the fivenore centered around the desired switching frequency with
level VF-DHC, both strategies are applied practically ovehe decoupling method (Fig. 12(e)) and nearly constant when
same interval of a fundamental cycle. the modulated hysteresis is enabled (Fig. 12(f)).



......................
-----------------

Iy
o

",

vvvvvvv
,,,,,,,,,

‘UIILJ

miiifum I,

" WW ‘-"""%1“1 MH‘ ““""HYI i ] Iql
1l

o iy I " | i |
a ”Hﬁuwm u'ﬁuwmm} " o “'anllmr M ™ Yy

wmoC W

A i i, ¥, e "
" m"\ /v"“ w,‘w} ’ W% . ' M" \'"hl ¥, W“\ it

ity
W ﬂl\ 'ﬁ} %“ (’u é 4 ’ “.O'M m’\ }m 'thi

A
| 'y i h f f
“MHWWV Mt’*ﬂm‘”vm‘ lmh\aﬁw“’"“ “\h"WFHW

(a) VF-CHC (b) VF-DHC (c) VF-DHC with modulated hysteresis

r'mk’ VW‘ *,M

o
=
o
=
o
=

&
n
&
n

n

Amplitude [% of fund.]
g
Amplitude [% of fund.]
g
Amplitude [% of fund.]
52

Lo d Il

5 10 15 0 5 10 15 0 5 10 15
Frequency [kHz] Frequency [kHz] Frequency [kHz]

(d) VF-CHC (e) VF-DHC (f) VF-DHC with modulated hysteresis

Fig. 12. Hysteresis bantg, grid voltageu, r (500V/div), inverter output voltage.;,., r (400V/div) and grid curreni, r (10A/div) of five-level (a)
VF-CHC, (b) VF-DHC, and (c) VF-DHC with modulated hystesesiand and respective current spectrum (d),(e) and (f).

o
o
o

Fig. 13. Experimental results of the voltages: , anduc,; across the Fig. 14. Experimental results of the voltage across theifigatapacitors.
dc-link capacitors.

state. The static and dynamic performance of both methods
Fig. 13 proves the effectiveness of the strategy applied fave been verified using @ five-level ANPC inverter
balance the mid-point potential. The voltage of the lower d(brototype connected to 400V 3_phase AC power source
link capacitor, and consequently of the upper capacit@, ayia a first orderZ, filter.
controlled to“¢= or 400V, due to the correct operation of
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