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Abstract

The paper presents a new control scheme for voltage control of voltage source inverter (VSI) with LC
output filter. Proposed high performance control scheme with use of stationary regulators can be used
in UPS or standalone power generation where sine wave output voltage is to be maintained. The
proposed controller is able to compensate voltage distortion from unbalanced and nonlinear loads, thus
controlling negative and positive voltage sequence and its harmonics. For the control purpose only
voltage measurement in required. Besides, the controller can be further used in distributed power
generation where the parallel operation is desired.

In order to improve the parallel operation and sharing any kind of distorting loads, the proposed
controller allows adjusting the gain of selected harmonics required for proper harmonic sharing.

The proposed scheme is fully appropriate for digital implementation of UPS systems where high
quality AC output voltage is in importance. The diagram block of the proposed controller is shown
together with some simulation and experimental results. Presented controller shows outstanding
performance under nonlinear and unbalanced loads which uses selective harmonic compensators.

I. Introduction.

The main control objective for uninterruptible power supply (UPS) and stand-alone inverters is to
track a pure sinusoidal voltage reference, providing an output voltage without harmonic content in
spite of non-linear or unbalanced loads. Several codes and international standards limit the harmonic
content of the output voltage in this kind of systems [15],[16]. Linear control technique, like PI
controllers in stationary frame, has been widely used in those applications, however this technique
does not complies with the codes. Besides, with the aim to reduce the weight, size and cost of the
overall system and to increase the bandwidth of control, the LC output filter has been introduced.
Moreover employing LCL output filter is shown in [2]. It is well known that these kinds of filters have
a resonant peak that can make the system unstable. For all these reasons, new control strategies have
been developed to accomplish with standards and to avoid systems instabilities. Among these control
strategies can be notice linear PI regulators in synchronous frame [12], non-linear controllers like
Resonant regulators [1][3][6][11], state feedback controllers[4], adaptive controllers[8], predictive
controllers and repetitive controllers [7].

This paper presents a new current sensor-less control scheme for voltage control of VSI with LC
output filter; the proposed controller uses resonant compensators for voltage harmonic control of
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inverter, and is able to achieve zero-steady-state error and selective harmonic compensation. Proposed
high performance control scheme can be used in UPS or standalone power generation applications.
Additionally this controller is suitable to use in different paralleling schemes where nonlinear loads
must be shared [13][14]. For proper sharing it has the possibility of adjusting the gain of individual
voltage harmonics. The harmonic rejection block is also able to operate in wide frequency range of
fundamental frequency which is required in various methods of droop for sharing controls.

This paper is organized as follows, first a system description and a review of the voltage harmonic
compensation in synchronous and stationary frames is introduced, second the proposed control
strategy is presented and validated with some simulation results, then, experimental results are shown
to demonstrate the high performance achieved with the proposed controller. Finally some conclusions
are included to summary the properties of the controller.

System description

The system overview is presented in Fig. 1. The three phase output voltages are assumed without
neutral wire to be easily decoupled in two independent control variables. The delta-wye isolation
transformer can be included giving the natural path for zero sequence currents.

The further description can be easily extended to single phase system or three-phase four wire system.
The effect of DC-bus variation is decoupled in standard way through modulator. The measured signals
are the DC-link voltage and two phase to phase output voltages.

In order to deal with unbalanced and nonlinear loads the positive and negative sequence voltage
harmonics must be controlled. We assume no information about the load.
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Fig. 1. Three phase, inverter system with LC filter
Ve DC-link voltage
VIL Line output voltage
i, Load current
i Filter current
i Capacitor current
L.C Parameters of the filter

Review of voltage harmonics compensation
A. Synchronous frame

The standard idea of harmonic compensation begins in synchronous frame coordinated to the desired
harmonic [12]. The block diagram of synchronous frame voltage compensator is shown on Fig. 2. This
type of regulator has been well documented in the literature for the three phase systems, mostly for
current control. It is worth to mention that the Park transformation (@8 = dgq ) in signal processing

theory is known as a frequency shifting, and it should be viewed from this perspective. It allows
shifting the frequency of the interest into DC quantity, where the well known DC regulators are used.
It should be also observed that e.g. the fifth negative and seventh positive sequence harmonic in 50Hz
synchronous frame become a sixth harmonic, but the average of it is zero thus not counting for the DC
controller. The another important parameter is the setting of the leading angle y,, which in the case of
UPS with LC filter (Fig. 2) for first harmonic should be zero and for others harmonics +90 degree. The
advancing of voltage harmonic by 90° has the physical meaning. In order to eliminate that harmonic



from the output voltage the control must start injecting this harmonic voltage from inverter side 90°
earlier than it was detected at output voltage. The method of decomposition into separate harmonics
easily allows us to do any phase shifting. The corresponding harmonic current will be 90 degree
delayed to that voltage. The disturbing current from the load will match the correcting current from
inductor and there will be no distortion in the output voltage. There should be also added the angle
compensation for the system delay which is important for compensation of higher harmonics.
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Fig. 2 Conventional synchronous frame voltage harmonic compensator

The main disadvantage of using many harmonics compensator in the control is the computational
complexity related to modulation and demodulation (Park and Park™) of each harmonic. There is also
need to derive for each harmonic accurate synchronous frame reference signal. Another drawback is
that scheme is not able to compensate negative sequence harmonics, if only positive sequence
harmonics are implemented.

B. Stationary frame ac compensator

It is possible to derive stationary frame ac harmonic compensator based on synchronous frame which
will achieve zero phase and magnitude error [6],[9]. The derivation is based on a frequency @ shifting
property of a PI regulator, G, (5) = G, (s — jo)+ Gp- (s + jo)

The transient response of the two controllers will be identical regardless whether they are implemented
in stationary frame as an ac compensator or in synchronous frame as a dc compensator.
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Fig. 3a) synchronous frame compensator, 3b) equivalent compensator in stationary frame

The synchronous regulator shown in Fig. 3a can be represented in stationary reference frame as (1)

s-cos(y)—w-sin(y)
s+

Hac(s)=K, - (1)

Reassembling equation for leading angles of 0 and -90 degree gives:
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Which (2) is the transmittances often used in current control of VSI [1],[3],[6],[11]. The response for a
sinusoidal input with constants amplitude of 1.0 for resonant frequency is shown of Fig. 4a and 4b
respectively. For other frequencies than resonant the output amplitude is constants. In Fig. 4a and 4b,
the change in input frequency is made at 0.56s, the output frequency remains unchanged and the
amplitude is not increasing any more. The main difference between (2) and (3) is that second introduce
phase shift of 90° in the output for the resonant frequency.
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Fig. 4 Response for sinusoidal input with constants amplitude of 1 and specified resonant frequency.
a) blue- response of a (2), b) green- response of (3)
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Fig. 5. Bode plots of: a) transmittance (2) , b) transmittance (3).

This type of regulator is becoming more popular in power electronics as a resonant controller

[11[3][11].



Control topology

The proposed control topology is depicted in Fig. 6. Filter capacitor current control is used for
harmonic voltage rejection. As an alternative to sensing the capacitor current a sensorless scheme is
used. It is relevant to use derivative of the output voltage which is proportional to the capacitor
current. Normally the capacitor current contain tremendous amount of switching noises and the
derivative in the digital system will additionally introduce delay and even more noise. It is found that
resonant controller is suited for this type of signal, the derivative and system delay can be
compensated by adjusting the leading angle of full resonant controller (1). Also the natural property of
(1) being insensitive for any signal (Fig. 4) excluding the resonant frequency handle very well the
noisy input signal.

The system delay is the same for all harmonics, but note that with increased order of harmonic the
given leading angle is increasing. E.g. for fundamental harmonic of 50Hz, one sample delay
(e.g.100us) is just 1.8 degree, but for 11™ harmonics it is almost 20 degree. For only few (3", 5™, 7™)
harmonic to compensate it is possible to use controller (2) as a regulator with fairly good result, losing
the ability to correct the leading angle.

The reference for capacitor currentic, ., I, 5 (4) 1s casily obtained from voltage reference

Vira  Verps (5) by interchanging axes and thus obtaining 90° advanced reference angle. It can be

noted that in current reference definition capacitor value is included, but later on is cancelled out as
can be seen in Fig. 6, avoiding the C parameter uncertainty.
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Fig. 6 Block diagram of the proposed control layout

The use of derivative of output voltage in spectrum gives a signal which in amplitude is proportional
to the number of harmonic, thus having natural property of increasing the gain for the higher
harmonics. In this case it is desired because it improves detection of the higher harmonic, and the
distribution of K;; gain for different harmonic of the capacitor current error can be the same. The

coefficients ay, by are equal to: a, = cos(y), b, =sin(y) which are pre-calculated for implementation

based on the leading angle and order of the harmonic Fig. 7.
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Fig. 7 Graphical representation of leading angle for specified harmonics and ay, by coefficients.
In the simulation used value of leading angle is 0.031 rad. for the base harmonic.

Discrete implementation

The second order (1) transmittance with proportional gain K, can be represented by state space
representation as two integrators as show in Fig. 8.

Fig. 8 Resonant controller as a two integrators with the proportional K,, gain.

In order to avoid algebraic loops during the implementation, the integrators must be discretized using
different methods, e.g. the first integrator discretized with forward method and second discretized with
backward method. The semi-explained code (4), contain an implementation of full resonant controller
(1) with proportional term K,

_ 2
Ve =W, + 1K u  —Ts-w -0

W =Wy 1w, T, | sampling time
Ve=u, - Kp +cos(y)-v, —sin(y)-w, K, | proportional gain
4) K; | gain of the resonant controller

Uy = Uy u, | input at a discrete step k

Ve =V, Vi f)utput at.a discrete step k
v,w | intermediate states, see Fig. 8

W, =W : .
k=t k @ | Resonant frequency for given harmonic

4)

For protection purpose it is important to add anti wind up scheme. The vector sum of harmonic voltage
command should not exceed the available DC-link voltage, allowing only specific amplitude of
harmonic to be injected. The integration must be stopped when specific output level has been reach.
Since the leading values are known during design, it is worth to pre-calculate them and store in table,
thus saving time of DSP by not calling sin(y) and cos(y) subroutines.

Sharing of voltage harmonic in parallel operation

Linear balanced loads can be shared equally by using droop coefficients that make the frequency and
the voltage amplitude proportional to the active and reactive power, respectively. The principle of
sharing load by droop coefficients is well known in the utility business. Sharing nonlinear and
unbalanced loads create voltage harmonics which must be shared as well. Here based on available
publications [13] and [14] it is worth to mention that having the possibility of adjusting gain of voltage



controller proportional to the amount of delivered VA of that harmonic, a proper sharing of nonlinear
and unbalanced loads can be handled. In various droop method the output frequency is also varied
more than in utility grid, and this controller is suitable for this operation. For example the repetitive
control schemes [7] are not well suited to wide base frequency variation due to algorithm in which the
base frequency is highly related to sampling frequency, instead they shown good performance for fix
output frequency, operating as a standalone.

Simulation results

The proposed control has been simulated in PSCAD/EMTDC software. The parameters of LC filter
are: L=0.75mH, C=50 uF', the DC link voltage is 9007V, the reference line voltage is 380/ rms with a
fundamental frequency of 50Hz, the switching frequency is 10kHz. The compensated harmonics are:
3 5% 7% 11™ and 13™. To represent unbalanced, nonlinear load (Fig. 9), two rectifiers feeding 50 Q
resistors with 470 pF filtering capacitors were connected between phases, and the third load is a 30 QQ
resistor.
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Fig. 9 Nonlinear, unbalanced load used in simulation
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Fig. 10 Transient response of connecting nonlinear unbalanced load from Fig 9 at 0.467 sec. instant.
a) line to line voltages output, b) load currents, ¢) command from the controller representing the
duty ratio of the three legs

It has to be observed that in case of demanding nonlinear loads the DC-link voltage must be 10-30%
higher in order to compensate the voltage drop across the filter inductance.
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Fig. 11 Transient response of activating voltage harmonic compensator at the time 0.2s.

a)

duty ratio of the three legs.

line to line voltages output, b) load currents, ¢) command from the controller representing the

It has been noted that control of the third harmonic in general is not needed, but in the case of over-
modulation, adding control of third harmonic, improve the DC-link voltage utilization, see Fig. 12.
Actually all harmonics are involved during over modulation but including the 3™ speed up the setup
time. To show that DC-voltage utilization is similar to those controls in which 3™ harmonic addiction
is used the following tests were made. As a load three balanced resistors were used. The reference
phase peak voltage is set to 320V and the DC-link voltage is to 560V. In standard modulation schemes
in order to get phase peak of 320V the required DC-link voltage must be at least2 - 320 = 640V . In
modulation schemes where 3™ harmonic injection is used the DC-link voltage can be as low

as320- \/g =554V . In proposed control there is no third harmonic injection but the control is still
able to fully utilize the DC-link voltage.
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Fig. 12. Influence of harmonic compensation for utilization of the DC-link voltage.
First row: phase to phase voltage, second row: output voltage with reference, third row: duty ratio of
three legs.
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First column: the command is only the reference voltage, the output voltage THD is 3.6%

Second column: the first harmonic voltage (K;,=50) and K,,,=0.5 is enabled, the THD is 2.9%

Third column: additionally the harmonic compensation is enabled with K;=0.1, the THD drop to 0.6%.
Its proof that harmonic compensator can handle nonlinear loads and fully utilize DC-link voltage.

Experimental results

The control has been verified on 10kW, three phase inverter equipped with LC filter with parameters:
L=0.75mH and C=50 uF . The control has been implemented on floating point DSP, TMS320VC33.
The used parameters are: K,,,=0.4, K;,=20, K;=0.05, K,=1m, the controlled harmonics are: 3rd 5t 7t
11™, 13" and 17™. The load is composed of three single phase rectifiers feeding parallel connected
resistors of 15 Q and capacitor of 2200 £F . The DC-link voltage is 150V, and the commanded phase

to phase rms voltage is S0V.
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Fig. 13 Voltage and current of rectifier load, Fig. 14 Voltage and current on nonlinear load with
harmonic compensation enabled. parallel connected three resistors. Harmonic

compensation enabled.
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Fig. 15 Spectrum of the phase to phase output Fig. 16 Voltages and current for the rectifier load
voltage, with voltage harmonic compensation. when the harmonic compensation is disabled.

For clarity only one phase measurements are shown, the others two phases are very similar. The
scaling for current measurement is 10A/div. The measured voltage distortion, when harmonic
compensation is enabled is 0.8 % THD (Fig. 13). In Fig. 15 the difference between first harmonic and
the highest amplitude of unwanted harmonic is 48dB, which is a great result. Fig. 16 is included just
for comparisons, without any compensation the measured voltage THD is 7.8%.



Conclusions

In this paper the estimated filter capacitor current controlled by Proportional Resonant (PR) controller
is shown. The suitability for three phase voltage control of VSI has been presented. The PR controller
can successfully replace the typical dq-PI control method, gaining improved harmonic rejection
capability and advantages of reduction complexity and computational cost. The resonant controller
frequency can be tuned on-line to follow the frequency changes required in various droop methods for
power sharing. The experimental results show that proposed controller has high performance behavior
for any kind of load including non-linear unbalanced loads. The proposed control uses only voltage
measurement for control purpose.
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