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Sharing of Nonlinear Load in Parallel-Connected
Three-Phase Converters

Uffe Borup, Member, IEEEFrede BlaabjergSenior Member, IEEEand Prasad N. Enjetirellow, IEEE

Abstract—in this paper, a new control method is presented  To achieve true redundancy, all units should be able to op-
which enables equal sharing of linear and nonlinear loads in erate independently. This matter has been discussed in [6]—[8].
three-phase power converters connected in parallel, without com- | inear balanced loads can be shared equally by using droop co-

munication between the converters. The paper focuses on SOlv.mgefficients that make the frequency and the voltage amplitude
the problem that arises when two converters with harmonic

compensation are connected in parallel. Without the new solution, Proportional to the active and reactive power, respectively. The
they are normally not able to distinguish the harmonic currents Principle of sharing load by droop coefficients is well estab-
that flow to the load and harmonic currents that circulate between lished in the utility business.
the converters. Analysis and experimental results on two 90-kVA In [9] and [10], a new control scheme was presented where
400-Hz converters in pgrallel are presented. The results show nonlinear load can be shared equally in single-phase uninter-
that both linear and nonlinear loads can be shared equally by the ruptible power supply (UPS) systems by adjusting the gain
proposed concept. ;
. _ of the voltage controller proportional to the amount of har-
'”‘ljlei? Terms—Control, ground power units, nonlinear loads, mgnjc VA that is delivered. This is practical at a fundamental
paralleling, power converters. frequency of 60 Hz and with a low VA rating. In a 400-Hz
high-VA system [16], the switching frequency is limited due to
|. INTRODUCTION losses and switching delays. The losses and switching delays

limit the bandwidth of the control loop, so that the controller

NMANY CASES, it can be favorable to connect power Cony o+ apje to control harmonic voltages with a linear propor-

verters in parallel. This could be in systems with high reli, 5| jntegral-derivative (PID)-type feedback controller.

ability requirements, e.g., in radar power supplies, in UPS syS- high-power converters, harmonics can be damped by artifi-
tems, or in 400-Hz ground power where a low demand factep| control that actively controls each harmonic to a low value.

is expected, so that the totally installed converter rating is Mifit,e harmonic compensation can be achieved by different ap-
imized. proaches [11]-[13].

Special precautions must be prepared in order to make therhis paper presents a load-sharing technique that will share
converters share the common load equally. This is due to th@rmonic currents among converters equipped with active com-
nonphysical relation between output power and frequency irpansation for harmonic distortion without mutual communica-
solid-state converter (the frequency is controlled by a crystal}ion. In the following section, the fundamental theory of con-

The problem of sharing harmonic currents is similar to theecting ac power units in parallel will be described. The prin-
problem of sharing active and reactive power in power cogiple of sharing linear balanced load is adapted from the utility
verters. The main control target is to insure that the units in paentrol theory. Then, the concept will be developed to apply for
allel share the common load. Active power, reactive power, ahdrmonics as well. Finally, simulations and tests show the value
harmonic powers have to be shared equally. of the presented concept applied on the fifth harmonic in two

The conventional approach to parallel solid-state pow@P-kVA 400-Hz ground power units (GPUs) connected in par-
converters requires interconnections between the convertergiel.
achieve balanced load sharing [1]-[5], for example, by having
a voltage-controlled “master” unit and several current-con- Il. SHARING OF LINEAR LOAD
trolled “slave” units. However, a configuration based on the

master/slave principle is not redundant due to the dependenc onsider two solid-state three-phase_ power converters con-
of the master unit. nected to a linear load through a pure inductance as shown in

Fig. 1. The complex powers delivered from converter 1 and con-

verter 2 to the load are then given by
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Fig. 1. Setup of two converters in parallel with small interconnection impedance.
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Fig. 3. lllustration of the effect of droop coefficients in power converters as a
function of the load. (a) Frequency droop. (b) Voltage droop.

From these equations and Fig. 2, it can be seen that the active
power flow is dominated by the anglés., while the voltage
amplitudes primarily influence the reactive power flow.

Since, the two converter systems are based on solid-state
inverters, the frequency is not load dependent by itself and
(b) . . .

. _ _ the voltage is relatively stiff due to the voltage control of the
E‘g- 2. VeCtO’df'l""gram of two paralleled converters. (a) Active power flow. (R} jts. |f the two units are paralleled without additional control
eactive power flow. T . . . !
P large circulating current will flow, even if they are properly

h deli df h . synchronized at the time of connection due to component
The currents delivered from the two converters are given By -ances (clock crystal, filter parameters, interconnection

7o _ Vi—-V1] " [Vi(cos¢i + jsing:) — Vpcc]” impedance variation). . .
175X - j-X This can _b_e solv_ed by introducing artificial load-dependent
) V.- V1" Va(cos da + jsin ) — Vioo " droop coefficients in the converter frequency and the voltage
Iy = { . } = { , } (2) amplitude
J-X J-X
where w=wg—k, P
X interconnection reactance between the converters and Viet()y = Vo — ku - Q 4)
the common point;
bu power angle (angle between converter output and tHéere
common point) of converter; w converter frequency;
V.,  outputvoltage vector of convertet Viery  fundamental voltage reference;
Ve amplitude of the output voltage vector, ; wo frequency at no load;
Vo amplitude of the voltage at the point of common con- Vo voltage amplitude at no load;

nectionVpcc. ke droop coefficients for;

The vector diagram of (2) is illustrated in Fig. 2. The active kv droop coefficients foi”.

and reactive powers can be calculated as The principle of the droop coefficients is illustrated in
Fig. 3. When both converters of equal rating are controlled by

iV . - . : )
P = 17;(00 - sin ¢ the droops in Fig. 3, the two units will share both active and
J- ) reactive load. Due to the droop coefficients, circulating currents
0 - Vi Ve - cos¢1 — Viee are avoided.
J-X When units of different rating are connected in parallel, the
P, = Va-Vece droop coefficients have to be adjusted according to the rating
2= sin ¢y
j .
Q _VQ'Vpcc~COS(f)2—VI?CC (3) le'Sl :KLUQ'SQ:"': u:N'SN
2T j-X ' Ky -S1=Kyy-S=---=Kyy-Sn ®)
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where . 5™ harmonic cor.nponents
K, droop coefficient forw,; :
Ky, droop coefficient folV,,; 30 /<
S, rated power level of unit. 25 Harmom‘:”"s'
The stability is increased by increased coefficients. The coef- sob- votages [v]
ficients of the active power can be made very small. This is due g 4
to the very strong coupling between the active power and the an- % 15[ Vaste) /'
gular displacement of the two voltages. The coupling between 5 10 - . .
the voltage amplitude and the reactive power is weaker. There- £ S e AL
fore, the droop coefficient must be somewhat larger to ensure a 5 N V\’<
proper sharing of reactive power. 0 \\\ 0 "
p S
[1l. N ONLINEAR LOAD “
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A proper sharing of nonlinear load currents is not guaranteed Feal Part

by the approach described above.
For a 400-Hz converter, the frequency band between the furlg. 4. Simulated fifth harmonic inverter voltage references and current
damental and the switching harmonics is low, therefore, a rattiggPonse with harmonic compensation.
significant outputimpedance is introduced by the output filter in
order to damp the switching harmonics. The output impedancerne origin of the two current-vector trajectories is the point
can be up to 0.3 pu (400 Hz). When harmonic currents are drajyRere the two units would share the fifth harmonic load current
through this impedance the output voltage becomes very digqally. Due to small differences in the two units, the currents
torted and some kind of compensation or control is required §@e forced in opposite directions by the integrating harmonic
keep the distortion within the required limits [14]. controllers of the two units. The units are stabilized after some
In a 400-Hz system, the controller bandwidth is usually n@econds in a position that equals the differences divided by the
sufficient to reduce the harmonic voltage contents caused ihYerconnecting impedance. In Fig. 4, a large amount of circu-
harmonic output currents and by th_e Iowgr inverter-induced h%ting current is present. Converter 2 does not only supply the
monics. The fundamental voltage is typically controlled as 4gj| fifth harmonic load current, it also supplies current into con-
values in a rotating reference frame or by the voltage vector afjsrter 1. Both converters believe the fifth harmonic voltage is
plitude and the angular speed. zero, but with only small differences, the result is fatal.
In such a system, the harmonic load currents will be divided |, the time domain, the currents of phasare shown in Fig. 5
by the inverters, depending on the component variations of iR the two converters. After 1 s, converter 1 is supplying all the
two systems. fifth harmonic current. As was seen in the vector diagram of
If the harmonic voltage content on the output is reduced by iRig. 4, the two converters move in opposite directions, and the
tegrating a harmonic compensation, the compensation will affjth harmonic current is supplied by one unit solely. Due to the
plify the component differences of the parallel units. If, the pagma|| unbalance in the voltage measuring system, the controllers
allel-connected units are exactly alike, the units will share thgyrk in opposite directions and, finally, only one unit compen-
harmonic load equally. Since, this is never the case, the differates for the fifth harmonic load currents. Very little distortion
units will force the voltage at their respective point of contrqk present in the output voltages. In a case where several con-

(behind the small interconnection impedance) to be what eagdters are connected in parallel, the result will be even worse.
unit believe is zero. With a small interconnection inductance

(<5 pH) even small differences will force circulating current
to flow between the units. IV. SHARING OF HARMONIC LOAD CURRENTS

To illustrate this, a simplified simulation of two converters BY DROOP COEEFICIENTS
in parallel is carried out with controllers applied on the fifth
harmonic. The fifth harmonic controller uses a discrete FourierIn order to damp this struggle of integrating controllers, droop
transformation to detect the amplitude and phase of the fiftlefficients can be introduced with the harmonic voltages sim-
harmonic voltage and uses an integrating controller with rathi&ar to the ones used to adjust the fundamental voltage amplitude
high gain to speed up the process in order to regulate the fifthd frequency.
harmonic voltage component to zero. The two converters in theConsider a converter connected to a busbar through an induc-
simulation and their control are identical except for an offséance as shown in Fig. 6. The voltage drop across the inductance
in the calculation of fifth harmonic voltage of 0.2 V (approxVy ) is leading the fifth harmonic current vector by°9@n the
imate voltage resolution with 12-bit A/D conversion at 200 Vifth harmonic frame). In order to damp the struggle, each unit
line—line). The load is a current source with 100-A linear loaldas to allow an amount of harmonic voltage proportional to the
and 25-A fifth harmonic load. Active and reactive linear load iamplitude of the harmonic current drawn. The harmonic voltage
shared in the simulation by having fixed frequency and fundezust have a specific phase relation to the current. Therefore, the
mental voltage amplitude. The response is shown in Fig. 4 whiearmonic voltage at the converter output has to be controlled to
the harmonic controllers are applied. be 90 leading the output current.
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Fig. 8. Simulated fifth harmonic inverter voltage references and current
response with the droop coefficients applied.

TTe00 991 992 993 994 995 996 997 998 999 1000

Time [ms] where
(b) h harmonic number;
. . : , V. reference voltage of thkth harmonic;
Fig. 5. (a) Simulated output currents of the two units, respectively, and total . *¢£(*) . 9 )
load current. (b) Simulated output voltages and inverter reference of converters ¥ (1) hth harmonic output current;
and 2, respectively, after stabilizing the integrating controllers (offsets are addedk;, droop coefficient for théith harmonic.

to improve illustration). The reference values have to be calculated for all harmonic,

where active harmonic controllers are applied. The harmonic
droop coefficient (in V/A) should be chosen small enough to
comply with the distortion requirement at the expected har-
Im monic load current. On the other hand, the coefficient should
be chosen large enough to overcome errors due to measuring
precision and resolution. With converters of different power
ratings, the droop coefficient should be adjusted to the rating

Vies) V;(S) o Veces) Vi Vit T in the same way as for the fundamental droop coefficient as
— YN shown in (5).
R: In the following, the concept will be tested with the fifth har-
monic.

Fig. 6. Representation of the fifth harmonic droop coefficient.
V. SIMULATION WITH HARMONIC DROOPCOEFFICIENTS

In this way, the voltage drop across the interconnection in- With the same parameters as in the previous simulation shown

ductance is slightly reduced. A unit with a low amount of fiftanilﬁsr'1 4 and_5,dnew S|mu]!r§1t!onts ‘T% clio\?/i\gnd, ml_th(;s ::hase,
harmonic current will not allow as much harmonic voltage asa" armonic droop coetiicient of U.4 IS applied. the
unit delivering a higher amount of current and the current W[gioltage reference and current vector trajectories are shown in

be shared without the struggle of the integrating controllers. ;L—'g' g:ﬁm Fig. 9, ]Eklﬁ r(:spons.r;\ IS shown.:jn thgl t|m?j don;am.d
vided into real and imaginary components, the control law ¢ rpe ierences of the two units are considerably reduced an

be illustrated as in Fig. 7. The control law may be written as a stable situation is reached within approximately 0.1 s, much
faster than in the previous case (ten times faster). In this case,

_ _ the load current is divided much more equally between the two
Re (Kref(h)) =~k - Im_(IL(h)) converters. The remaining differences are caused by the voltage
Im (Vyery) =kn - Re (Iray) (6) offset of the harmonic calculators.
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The fifth harmonic voltage that remains due to the droop coef-
ficients is very small, approximately 1% at this heavily distorted
load current. If larger distortion can be accepted, the droop co-
efficient can be larger, and the sharing will be improved.
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VI. TESTRESULTS

Test results are presented to show the validity of the proposed or

approach. The concept has been implemented in the control soft- 150k
ware of two 90-kVA GPUSs. The converters are connected to the /ﬂ

ias2a [A]

i
i~

common point through an inductance of:2l. The controller 0

samples at 12 kHz. Each fundamental period, the 30 sampled \J

points (12 kHz/400 Hz) are used for the calculation of the fifth -150¢ ]

harmonic output voltages and currents. The harmonic compen- 0 2 4Time [ms]6 8 10

sation scheme is updated subsequently. The harmonic droop co-

efficient is set to 0.2 V/A. Notation refers to Fig. 1. Fig. 11. Measured currents and voltages at connection of harmonic load with

A load, that to a large extent is representative of the mixdef new concept applied.
loading in the aircraft, is specified in Annex A of the ISO 1540
standard [15]. The load is a combination of 75% linear and 158ad setup is shown in Fig. 10. See [16] for further details about
rectifier load referring to the converter rating. The amount dhe GPU.
nonlinear load on an aircraft has been increasing since the IS@ror the test, the parameters listed in Table | have been used.
1540 standard was introduced in 1984. In Fig. 11, the rectifier load is switched on. Before the
In the following test, a load of two times the expected rectifidoad step small currents are circulating between the two units
load of a 2x 90 kVA GPU system is applied to a common(<10 A). At the point of connection, the voltage distortion
point through a switch. The total load represents 44 kW. Thecreases due to the heavy nonsinusoidal current, but the
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Fig. 14. Measured fifth harmonic voltage amplitude at point of common

connection.

currents drawn by the load. The compensation starts to force the
voltage vectors to the reference points determined by the cur-
rents and the droop coefficients. The harmonic voltages are sta-
bilized 90 leading the harmonic currents. The stationary points
of the two units are very close. Finally, Fig. 14 shows how the

Fig. 12. Measured currents and voltages after stabilization of the harmofiith harmonic voltage amplitude is reduced to a stationary value

controllers.
TABLE I
MEASURED DISTORTION
Vrup% Irun%
Before compensation 12 24.5
After compensation 4.5 25

Imaginary Part

-15f

l1{5)

-20 ' ' :
45 10 5 0 5

Real Part

10

15

20

in approximately 0.5 s. Increasing the gain of the harmonic com-
pensation may speed up the reduction. However, in many cases,
there is no need for such high dynamics.

VII. CONCLUSION

In this paper, a new control concept was proposed that pro-
vides sharing of harmonic load currents between parallel-con-
nected converters without mutual communication.

In high-power 400-Hz converters, harmonic distortion at non-
linear load can be reduced by harmonic compensation. In a par-
allel connection, these controllers will fail to ensure a proper
sharing and lead to instability.

In order to provide harmonic load sharing with the harmonic
controllers applied, a new control concept is derived from the
well-known concept of sharing linear load by droop coefficients.

The concept is simulated and tested on two 90-kVA 400-Hz
converters in parallel with heavy nonlinear load, where it has
been applied on the fifth harmonic. The concept is proven to
share harmonic load without any communication between the
power converters. The method can be applied in most solid-state
ac power converter topologies supplying nonlinear load.
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