-

View metadata, citation and similar papers at core.ac.uk brought to you byji CORE

provided by Nottingham ePrints

r The Uniyersitg of
M | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Amankwah, Emmanuel K. and Watson, A.J. and
Wheeler, Patrick and Clare, Jon C. (2015) Control of a
hybrid modular multilevel converter during grid voltage
unbalance. In: 11th International Conference on AC and
DC Power Transmission, 10-12 Feb 2015, Birmingham,
UK.

Access from the University of Nottingham repository:
http://eprints.nottingham.ac.uk/32969/1/ACDC2015 _final.pdf

Copyright and reuse:

The Nottingham ePrints service makes this work by researchers of the University of
Nottingham available open access under the following conditions.

Copyright and all moral rights to the version of the paper presented here belong to
the individual author(s) and/or other copyright owners.

To the extent reasonable and practicable the material made available in Nottingham
ePrints has been checked for eligibility before being made available.

Copies of full items can be used for personal research or study, educational, or not-
for-profit purposes without prior permission or charge provided that the authors, title
and full bibliographic details are credited, a hyperlink and/or URL is given for the
original metadata page and the content is not changed in any way.

Quotations or similar reproductions must be sufficiently acknowledged.

Please see our full end user licence at:
http://eprints.nottingham.ac.uk/end_user_agreement.pdf

A note on versions:

The version presented here may differ from the published version or from the version of
record. If you wish to cite this item you are advised to consult the publisher’s version. Please
see the repository url above for details on accessing the published version and note that
access may require a subscription.

For more information, please contact eprints@nottingham.ac.uk



https://core.ac.uk/display/33576508?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://eprints.nottingham.ac.uk/Etheses%20end%20user%20agreement.pdf
mailto:eprints@nottingham.ac.uk

Control of aHybrid Modular Multilevel Converter during Grid
Voltage Unbalance

E. K. Amankwah, A. J. Watson, P. W. Whedler, and J. C. Clare

Faculty of Engineering, The University of Nottingham, Nottingham, UK

Keywords. HVDC, modular multilevel, unbalance controlpdanced network operations according (&) the zero

third harmonic injection control. crossing of the chainlink voltage, the ‘main’ H-bridge units
are soft switched tdunfold” the chainlink voltage into AC at

Abstract the network frequency

The recently proposed parallel hybrid modular multilevel -[[’“ mn——

converter is considered to be a low loss, low component Loct =

count converter with soft switching capability of the oy

‘main’ bridge. The converter has similar advantages to £ Converter J ﬁ

other emerging modular multilevel converter circuits ] =4, Chainlink

being considered for HVDC power transmission. <X J

However, during ac network unbalance the individual = v

‘chain-links’ exchange unequal amounts of power with the Voe ] ﬂ A, W eon

grid which requires appropriate remedial action. This -

paper presents research into the performance of the = I

converter and proposes a suitable control method that Ve, '

enables the converter to operate during grid voltage Converter phase 2

unbalance. The proposed control concept involves the use [

of aym_metric third harmonic voltage generation in the Converter phase 3

‘chain-links’ of the converter to redistribute the power

exchanged between the individual ‘chain-links’ and the ¢
grid. Mathematical analysis and simulation modelling

Fi 1: Topol
with results are presented to support the work described. igure 1: Converter Topology

1 Introduction V' = |Vsin (wt—k%”)| (1)

Modular multilevel voltage source converters (M2LC) are

being developed for HYDC and FACTS app"_c_atil'SJ/_Vhereke{O, 1, 2}foricfa, b, c}

These converters are expected to offer significant benefits

over classical HVDC technology utilising Line Commutated

Converters (LCCs - lower harmonic content of the

synthesised AC waveform, fast and independent control of Vi = Vsin ((ut _ kz—ﬂ) @)
active and reactive power, reduced filtering requirements 3

etc. As part of the efforts towards achieving an efficient

modular converter topology for the emerging HVDC and

FACTS market, a novel modular multilevel voltage souréié\mler such operating conditions, 't. is has .been shown that
converter, shown in Figure 1, aimed at providing high@C'DC pqwer balance can pe achieved without the .cham-
lipks  having to source or sink powgt2]. Although, in

efficient modular converter technology was propose ] ) = ) ]
Research into the performance of the converter in a balanRERftice an appropriate control action is required to achieve

network is presented irEI[. The converter uses aAC-DC power balance and ensure sustainable converter
cascade of half bridge cells to produce a full wave rectifiggeration.
multilevel waveform for each phase accordin (1) during



In this paper, operation of a hybrid modular multilevehstants for the voltage on chainlink ‘b’ can be obtained ag t
converter when connected to an unbalanced grid andt‘b Similar equations can be derived for the zero
investigated. Mathematical analysis and simulation model®ssing time instants of theltages on chainlink ‘c’.

are used to describe the converter operating characteristics

during unbalanced operation. It is shown that the converter ty

chain-links exchange unequal amounts of power with the grid
under unbalanced conditions. — l 2_”

A control algorithm that redistributes the power exchanged “\’ (5)
between the individual chain-links and the grid is proposed.

This concept involves the use of asymmetric third harmonic + aresin ﬁ B

voltage control in the chain-link voltages to avoid mal- (a +'32+'3)%

operation of the converter.

2 Converter operation during grid voltage
unbalance

1 b4
In the study, it is assumed that the neutral of the converter == 73
transformer is not grounded - and so there is no circulation of (6)
zero sequence components during unbalance. The unbalance

fact ts the amplitude of the negative sequence V3
actor (P) represen p g g + aresin| 22 B

i ircui 1
voltage in the circuiff4] [15. 2 1+p24p)2

We consider a system where the grid voltage is composed of

positive and negative sequence voltages during unbalance. | o .
is considered that the converter is controlled to inject negati/é current through the system considering the case for active

sequence voltage proportionate to that in the grid to avoid Bfver exchange only can be presentéd ih (7).
circulation of negative sequence current. By so doing, it can

be assumed that the current through the system is composed Jabe — | sin(
of positive sequence only.

Q)

wt ———

2k7T>
3

The voltage at the converter termirisitherefore considered Wit an unbalancg componesit B on the converter voltage,.
to contain a proportionate amount of negative sequeﬁ@ peak voltage imposed on the chain-links can be obtained
i

voltage as if (3) and (9).
i | 2o _ Pa=va+p ®)
Vig=Vv sm(wt—T) Vb, =V, =VJ1+pB2+p 9)
3)
+ Bsin <a)t +%> The unbalance on the AC side affects the DC component of
the individual chain-links even when the negative sequence
which imposes the voltages describe@ (4) on the individwaltage introduced by the unbalance is synthesised by the
converter chain-links. chain-links to prevent the flow of negative sequence currents.
The DC component of the imposed chain-link voltages can be
Vi v |sin (a)t 3 @) derived afs (1Q)(11)} angl (12)) for chain-links’, ‘b> and ‘c’.
’ (4)
] 2km _ 2
+ Bsin (a)t + T)| Ve, = EV(l +p) (10)

Here, it is assumed that the unbalance does not result in extra

_ 1
b _ _ .
phase shift between the positive and negative sequence Va —HV( cos(@ty) + V3sin(wt,)

reference frames and therefore the zero crossing instants on -B (Cos(a)tb) (11)
phase ‘a’ are not affected. However, the zero crossing time
instants ofphases ‘b’ and ‘c’ are shifted according to the + @szn(wtb)))

degree of unbalance in the system. The zero crossing time



Ve = %V (—cos(wtc) +V3sin(wt,)
~ B (cos(wt.) (12)
+ @sin(wtc)))

The variation of the DC component of each chainlink voltag

with increasing unbalance factor is shown in

o 0.355
a
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Figure 3: Change in active power in each converter chainlink
for increasing voltage unbalance factor at unit PF operation
for 20MW/20kV (DC), 11kV (AC) system

From the net power exchange[in Figufe 3, it is clear ahat
remedial action is required for sustainable operation of the

converter during grid voltage unbalantids worth indicating

that though in this study, the converter voltage has been
considered to be in phase with the system current. In practise,
there will be a small phase shift between the converter voltage

Figure 2: Variation of DC component of each chainlink witAnd the grid voltage (and therefore the system current during

increasing unbalance factor

Considering B, the active power exchanged between each

converter chain-link and the grid can be evaluated as

— 2VIpe
cl

"o
S
Il

1+p)

148 (13)

- (T) VI,cosp
— 2VIpe
PPy =

(cos(a)tb) -3 sin(wtb))

_ 'BV;DC (cos(wtb)

+ \/§sin(wtb))
VI,

- TCOS(p

I

(14)

VI
+ % (cos<p

+ \/§sin<p)
— 2V
PC

cl =

L (cos(wtc) +V3 sin(wtc))

/i
_ BVin

T
-3 sin(wtb))

VI,
— T cosQ

gV
2

- \/§sin<p)

(cos(wtc)

(15)

I
P (cose

unity PF) due to the interface inductance; generally, the effect
of this phase shift is taken care off by the general converter
energy control. Therefore this effect has not been considered
in the analysis.

3 Proposed control concept for sustained
operation during grid voltage unbalance

It has been shown that during unbalanced grid voltage
operation, the converter chain-links exchange unequal
amounts of power with the grid requiring an appropriate
remedial concept. 1f [LO[[13], the use of triplen harmonics
are explored for modulation ratio control in the parallel
hybrid modular multilevel converter PHM2L-VSC)
allowing PQ control and DC link voltage ripple reduction. In
these papers, the studies considered a balanced symmetrical
grid with equal amount of triplen harmonic injected in each
chain-link to allow fundamental frequency ac converter
voltage control.

It shall be demonstrated in this paper that by injecting unequal
amounts of triplen harmonics in theonverter chain-link
voltage demands proportional to the degree of unbalance, the
operation of the converter can be sustained while maintaining
power exchange with the grid. Consider the case where the
chain-links are to synthesise the unbalance voltages imposed
at the AC terminal as jn (), the voltage to be synthesised by
the chain-links can be expressed as:



Ve, =VIA + B)sin(wt)
+ a,sin(3wt)|

b . 2n 2
Voa= |Vsm ((ut — ?) + §accos(3wtc + lp)) (24)

— 1
(16) Pc, = ;VIDC (—b - pd

2n
+ Bsin | wt + — a7 VI
( 3 ) -2 @-h

+ a,sin(Bwt — 1,b)|
Where a, b, ¢ and d are describdd in}(25).

2
Veu = |Vsin ((ut + ?)
+ Bsin <wt - Z—H) (18) a = cos(wty) — V3sin(wt,)
3 b = cos(wt,) + V3sin(wt,)
+ acsin(3wt + 1l))| ¢ = cos(wty) + V3sin(wty)
d = cos(wt,) — V3sin(wt,)

(25)

Where o, an, and o, are the proportionate third harmonic

voltages to be injected for sustainable operation during
unbalance. ¥ is the compensation term for thghase The net power exchanged between the converter chain-links

displacement orphases ‘b’ and ‘c’ during the zero voltage and Fhe gri 23)[|(24)| can lbe set to be equal and zero as
soft switching instant due to the unbalance. required by using the appropriate valuespéy, ando.

Fron{ (1@J(17)(18), the new DC component of the chain-lime values for the required third harmonic voltage to be
voltages can be obtained as: injected for varying amounts of unbalance can be obtained

— 2 ag, from (26)
Via=—v(1+p+=) (19)
75 1 X=N1"Y 26
Vb = ;V (—cos(wtb) + V3 sin(wty) (26)
-p (cos(wtb) Where
(20)
+3 sin(wtb)) a,
2 X =% (27)
+ = a,cosBwt,, —1/))) ac
3 And
— 1
Ve, = EV (—cos(wtc) — V3 sin(wt,) /\
- B (COS (wtc) ,[@=B) =+ B)cosBwt, =) — (1 + B)cos(wt, + 1)
(22) 3 2-B) —(4+PcosBwt, —y) (2—Bcos(wt, + ) @
—+/3 Sin(wtc)) 2-8) 2-BcosBwt, —p) — (4 + Pcos(wt, + )
2
= 3wt
+ 3 a.cos(Bwt, + 1/))) |
Under such conditions, the active power exchanged between Y =|B
C

each converter chain-link and the grid without reactive

compensation can be expressed as: _
In which the components of Y are the unbalance factor

dependant constants in the evaluatidn of [[@B)| andl (24).

3

-7

— 2 a
Poy = =Vipe (145 +-2)
" (22)
ﬁl=lVIDC —a—ﬂC
¢ n
2
+ §abcos(3wtb - 1/))) (23)

Vi )
-5 2P



9 Techniques for extracting the reference frame components
-0.0

during unbalanc are used to obtain the unbalance factor
(B) in the grid and the proportion of third harmonic voltage
-0.06 required for sustainable operation is evaluated using the
— P &a control concept discussed in the previous sectjon. Tgble 1
i lists the main parameters usedhe simulation model.
5 011 7 The model is implemented using PLECS. The power flow
control between the power converter and the grid, the power
-0.16 balance between the power converter and the DC circuit and
the cell voltage control are achieved with the control schemes
0 0.01 0.02 0.03 0.04 0.05 discussed I@E'
Beta [PU]
Figure 4: Amount of third harmonic voltage injected in each L. _ R—
chain-link for increasing unbalance factor [ % Trnsformer lnterface

"7~ inductor

i | Converter phase 1
[Figure 4, shows the amount of third harmonic compone ) § '
required to sustain converter operation with significa | | Converter phase 2
unbalance factor (up to 5%). The corresponding powe | I

exchanged between the grid and the converter chain-links i Converter phase 3 ; Unbatanced
when the converter operates with the proposed third harmonic oo —— inome
injection control is sho 5. Power converter
Figure 6: PH-M2L-VSC connected to an unbalanced AC
1 F network
— P
0.5 P‘E' ] Table 1 Simulation parameters
E P
= 0 Parameter Value
e Supply voltage (L) 11kV
-0.5 DC bus voltage 20kV
Unbalance factor 1-5%
10 001 002 003 004 005 Cell capacitance 4mF
B [PU] DC Link inductance 22.06mH
Figure 5: Active power exchanged between the converter AC side inductance 2.3mH
chain-links and the grid with increasing voltage unbalance Nominal cell capacitor
factor when the converter operates with the proposed voltage voltage 1.35kv

unbalance control

It is evident that the proposed third harmonic injectia Reglts and Discussion

ensures equal and zero net power exchange between the

chain-links of the converter and the grid. The asymmetfResults from the simulation model set up to validate the

third harmonic voltage injection therefore eresmiatural proposed control concepts are presented in Figurg 7 to Higure
power balance in each of the converter chain-links du The line currents when the converter exchanges 20MW of

unbalanced grid voltage operation power with the grid during 5% unbalance operation are
presented if Figure] 7(a). It can be observed that the currents
4 Moddling and Simulation areof high quality with non-significant distortion.

. . . Grid voltages during balanced and unbalanced operation are
The proposed concepts have been validated using simulafipsented in Figure 6(b). It can be observed that the presented

model of a 20MW 20kV (DC) converter connected 10 &lig voltages are well balanced until the unbalance is
11kV grid. The unbalance in the voltage is represented by {h€oquced at 50ms from start of the simulation. The
presence of negative sequence voltage as §hown Figure 6.



corresponding voltage synthesised by the converter dur
balanced operation (before 50ms) and unbalanced opera g,anced grid

(after 50ms) are shown[in Figurg 7(c).

The cell voltages of the chain-links are presented in Figlure
It is shown that before 50ms when the converter expa

20MW with the balanced grid, the voltages on all tr
capacitors in the three chain-links pulsate about same nom

value of 1350V.
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Figure10: Effect of unbalance control concept on grid current

0.04 0.05

However, when the unbalance is introduced at 50ms, it can be
observed that the voltages in the chain-links begin to drift
apart. When the proposed unbalance control is applied at
IJ.d'SOms, equilibrium is restored soon after and all the cell

voltages with 5% unbalance factor, and (c) Convert%?ltages pulsate about same mean as shoure 9. The

terminal voltages

effect of the proposed unbalance control concept on the grid
currents is shown It is shown that for unbalances
up to 5% the effect of the residual third harmonic current in
the grid due to the control concept is less than 0.6%.



6 Conclusion

[7]
A novel method for the control of a parallel hybrid modular
multilevel converter during voltage unbalance is proposed. It
is shown that sustainable operation of the converter can be
achieved during unbalance by injecting a proportionate
amount of third harmonic (maximum &6% third harmonic
for 5% unbalance factor) into the chain-links. The proposps]
method has been validated through mathematical analysis and
simulation modelling using PLECS. Results from the
simulation model h&e been presented to support the
performance of the converter during grid voltage unbalance.
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