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Figure 8. Bode plots of the different control loops: plant (blue), filter sensor
(light blue), regulator (green), loop gain (red) and closed loop gain (magenta)

The control of this inverter will be implemented in an FPGA,

to reduce the area and the processing time fixed-point arith-

metic is used. As a result of the narrow band and infinite

gain of PR controllers, special attention must be taken in the

discretization [9]. In preference to the use of the shift-operator

for the implementation of the PR controller, to reduce the finite

word length effect [10]–[12] the δ-operator is used. The delta

operator δ can be defined in terms of the shift operator z as:

δ−1 =
Δz−1

1− z−1
(19)

These two different implementations have been simulated with

Matlab Simulink and the minimum size needed for all the

coefficients have been calculated using the fixed-point tool.

The δ-operator allows using 16-bit word length resolution,

instead of the 35-bit word length resolution needed for the

shift transformation, which means less computation effort.

According to the control of the storage capacitor voltage, it

should maintain the mean value neglecting the 120Hz ripple.

These specifications can be achieved with a low bandwidth.

But if this capacitor is designed to handle only the unbalance

between the input and the output power, after a load step

it cannot deliver or store enough energy without changing

dramatically its voltage during the transient. So, it is needed

fast dynamics to adapt the input current after a load step

to maintain the mean value. A good compromise between

the input current ripple and the response under a load step

would not possible without increasing the capacitance if the

input current ripple is limited to the steady state ripple (20%).

The increase of the capacitance value affects the total volume

of the converter. Considering the volume of the capacitor
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Figure 9. Storage capacitor voltage loop with active power estimation
feedforward loop

proportional to the capacitance value, to reduce the volume

maintaining a constant input current a high voltage discharge

ratio in the capacitor is needed.

The proposed solution on this paper, Fig.9, consists on a

slow dynamic feedback control loop, to maintain low input

current ripple in steady state, and a feed-forward loop with the

estimation of the active power delivered for the transients. In

steady state, the active power will keep constant and the slow

feedback loop will maintain a constant input current reference.

Under a load step, the fast dynamic needed will be provided

by the feed-forward loop.

The transfer functions of Fig. 9 are described in (20) and

(21) and the loop gain can be expressed as in (22). To obtain

a low input current ripple, only a low bandwidth control loop

can be designed. The maximum bandwidth of the control loop

can be calculated as a function of the maximum input ripple

(23).

G(s) =
1

Vc,meanCss
(20)

R(s) = kR = ig,pp/Vs,pp (21)

L(s) = R ·G · Vg =
ig,pp
Vs,pp

Vg

Vc,mean

1

Css
(22)

fBW,max =
ig,pp
Ig

fline (23)

The converter under consideration is a 1kW inverter with a

400VDC input voltage and 240Vrms at 60Hz output voltage,

the storage capacitor voltage has to be controlled around

0.75Vg with a 100V ripple. To comply with a 20% maximum

input ripple the maximum bandwidth is 12Hz.

To obtain a fast estimation of the active power two different

approaches have been analyzed.

The first idea is to use the dq synchronous reference frame

transformation. Its main characteristic is that the fundamental

components are mapped to only one dc signal. And another

characteristic is that it can only be applied to three-phase

systems [13]. One approach to extending the dq theory to

single-phase converters is to use a quarter period time delayed

version of the signal as the orthogonal vector.

Commonly, in single-phase system the dq transformation

is used to implement synchronous frame controller [14], [15]

because, such a controller can regulate the steady-state errors



of the corresponding DC quantities to zero. But in this work,

the dq transformation is used to calculate the active power.

Po = Re{VdqIdq} = VdId + VqIq (24)

This approach allows adapting the input current reference in

a quarter period time. Producing a smaller variation in the

storage capacitor voltage. Similar results can be obtained using

the stationary reference frame αβ, reducing significantly the

computational cost. As in the previous case, the orthogonal

variable is obtained shifting 90◦ the original signal, and

transforming the output current and voltage into αβ the output

active power can be obtained as:

Po = Re{VαβIαβ} = VαIα + VβIβ (25)

Therefore, the bandwidth of this control loop is 10Hz. A

PI controller has been designed taking into account these

considerations.

To compare both solutions with a conventional control

without the feed-forward loop, a simplified Simulink model

has been implemented. At 1s (Fig.10b), a load step occurs,

changing the power factor from 1 to
√
3/2 maintaining the

apparent power. At 1.5s (Fig.10c) the load maintains the power

factor changing the apparent power from 850VA to 680VA.

As shown in Fig.10a, similar results can be obtained using αβ
stationary reference frame (blue) or using dq rotating reference

frame (green) in less than 3 line cycle the system reaches the

steady-state, while a large deviation from the reference occurs

with a conventional feedback loop (magenta), as expected.

Because the switching frequency is variable, this fact should

be considered when discretizing the regulators. In order to

facilitate the transformation of the continuous domain to the

discrete one and thus to reduce the computational cost of

the regulators, the Backward Euler method was chosen as

conversion method, according to which the transformation of

a PI regulator is defined as:

R (s) = Kp +
Ki

s
⇒ R (z) =

Kp (z − 1) +Kits
z − 1

(26)

iref (n) = iref (n− 1) +Kits(n− 1)Verror(n− 1)+

+Kp [Verror(n)− Verror(n− 1)]
(27)

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, simulation and experimental results will be

shown to prove the validity of the proposed control technique.

As mentioned before, the control was implemented in an

FPGA in order to reduce the computation time required for

the inversion of the plant and to implement the complex

modulations of the inverter. It has been successfully validated

with an experimental prototype.

Experimental results shown in Fig.11 and Fig.12 validate

the concept, generating a 24Vrms, 60Hz, waveform, from

a 40VDC input voltage, that is 10 times lower voltage but

nominal current. The waveforms shown in Fig.11 are the

sequence number in yellow and the output voltage in blue.

Meanwhile, Fig.12 shows a detail of the line cycle, when there

is a change in the operation mode that can be noticed in the
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Figure 10. Simulation result of different storage capacitor voltage loops. From
top to bottom: conventional low bandwidth control loop (magenta), control
loop with active power estimation using dq (blue) and control loop with active
power estimation using αβ (green).

Figure 11. Experimental waveforms of the inverter: Output voltage (blue)
Sequence number (yellow)

inductor current waveform; this change implies also a change

in the switching frequency.

A new inverter for nominal voltage is being developed using

high dv/dt drivers for high speed GaN devices.

Fig.13 shows the simulated waveform of the inverter oper-

ating from 400VDC input voltage and generating an output

voltage of 60Hz and 240VRMS . The top figure shows the

output active power estimated. The second one represents the

input current with a ripple lower than 15%. The third one
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