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Abstract—This paper discusses the design and hardware im-
plementation aspects of state-feedback primary control for grid
forming inverters. The primary control consists of two tracking
control laws: voltage tracking and frequency/angle tracking. The
voltage tracking control requires voltage and current at the
inverter’s switch terminal (i.e before the filter). The fundamental
component of switch terminal voltage is estimated using the
inverter’s average model while the switch terminal current is
estimated using an observer, thus obviating the need for sensors
at the switch terminals. The measurements of frequency and
angle(s) needed for frequency/angle tracking are noisy due to
measurement noises and inherent delays in the phase locked
loop (PLL). Conditioning of these feedback signals is discussed in
detail, and the corresponding changes in the control design are
provided to better attenuate the impact of noises. Effectiveness
of the proposed design and implementation is demonstrated by
the implementation results from TAPAS software defined inverter
(SDI).

Index Terms—Grid Forming Inverters, Cooperative Control,
Microgrid, Secondary Control

I. INTRODUCTION

The control of grid forming (GFM) inverter has drawn
tremendous attention. One of the directions of GFM control
is the droop based design [1], [2]. The basis of such control
is the conventional Proportional Integral (PI) based control.
Such controls have so called inner current control loop and
outer voltage control loop. Using the droop curves these
controllers establish a linear relation between references of
voltage amplitude and frequency to real-power and reactive
power, respectively. With proper selection of PI gains and
droop curves, these controls have shown good transient re-
sponse under the disturbance. Furthermore, to minimize the
deviation from grid references, droop based controls are used
as primary control and are assisted by secondary control and
tertiary control in their grid connected or islanded operation
[3], [4]. The problem with such controllers is that the tuning
becomes difficult when there are large number of inverters
in the microgrid. Furthermore, because of the proportional
nature of the control, there will be deviation from the set-
point in the steady state. The other direction is the direct
nonlinear control [5], [6]. The inverters are controlled to
emulate the dynamics of nonlinear oscillator. Consequently,
the inverters synchronize and share load in proportion to their
ratings. Although this type of controller looks promising, it has
drawbacks regarding harmonic currents from oscillator and AC
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grid [7]. Alternatively, the researchers in [8] developed a novel
vector control strategy for constrained GFM inverters. The
control is nonlinear with core objective of tracking reference
voltage, reference frequency and reference angle provided by
the appropriate secondary control. The presented results have
shown that the overall performance of the control is superior
due to its ability of simultaneously controlling both state and
output vector.

Although [8] is better as compared to the other two
approaches, it has not addressed the aspect of hardware
implementation. While [1], [4], [5] and [7] have presented
the experimental results, they have not discussed, in detail,
about the estimation of unavailable signals and conditioning
of measurements in the case they are noisy. Similarly, these
works except [5] do not provide the discrete time counterpart
of the proposed control in continuous time domain. In our
work, we have discussed about the estimation of unavailable
signals, conditioning of noisy measurements and presented
the discrete time control for hardware implementation of the
nominal primary tracking control of [8].

The platform of implementation is the software defined
inverter (SDI), called TAPAS [9]. It has an open-architecture
digital signal processing (DSP) board, can be programmed like
a regular microprocessor/microcontroller, and is compatible
with Matlab/Simulink. Due to the open architecture, the pro-
posed algorithms can be transferred to other implementation
platforms of GFM inverters.

The rest of the paper is organized as follows. Section II
describes the test system. The discrete equations for tracking
laws are discussed in Section III. Section IV presents the
results. Finally, the paper is concluded in Section V.

II. TEST SYSTEM

The block diagram of the test system is shown in Fig. 1.
The primary control part is programmed inside the inverter.
TAPAS does not have data monitoring unit or data storage
unit. Therefore, a Raspberry Pi is connected to it using SPI
communication protocol. The Raspberry Pi logs the data from
the inverter. It is also in Raspberry Pi where the secondary
control part resides and provides references for primary control
laws. The implementation of secondary control is left as the
future work and Raspberry Pi is programmed to provide arbi-
trary step signals as the references. The tracking performance
of primary control implemented in TAPAS is then evaluated.
The isolation transformer is used to achieve galvanic isolation
between inverter circuit and the load/AC network (the test
system is connected as a part of a microgrid which is discussed
in section IV). Before the discussion on details of primary
control implementation, it is important to understand the basic
configuration, measurement scheme, and various notations that



Circuit
reaker

Isolation
Transformer

TAPAS
Inverter

Fig. 1: The test system of a TAPAS inverter.

are used later in the primary control implementation. These are
discussed in subsections below.

A. Basic Configuration in TAPAS

The key characteristics of TAPAS inverter are provided in
the Table I [9].

TABLE I: Key Characteristics of TAPAS Board

Feature [ Specification
DC-input 12V -48V
Maximum DC/AC current 30 A (per phase)
Nominal power 300 W

Switching frequency 600 kHz (maximum)
On-board output-filter LC

Interface CAN, GPIO, UART, SPI & QEP
DSP TI C2000 Piccolo (TMS320F28069M)
Programmer JTAG Emulator (TMS320-XDS100-V3)

Measurement sensor
Cooling concept

Voltage, Current & Temperature
Passive

The overall structure of the program is shown in Fig. 2.
Like the usual embedded system programs, the various parts
of implementation are divided into different interrupt service
routine (ISR) tasks. The SPI ISR receives the data from Rasp-
berry Pi and sends them to other ISRs. The Phase Generation
ISR deals with generating the phase of required frequency
for modulating signal to be used in PWM generation. The
ADC/PWM ISR does various tasks a) measure various signals,
b) generate required PWM signals for the output and c)
execute all the primary control code. In other words, it is
inside the ADC/PWM subsystem where the primary control
implementation code resides. The timers and counters unit
of the microprocessor are configured to trigger interrupts
at configured frequency. Once the interrupt is triggered, the
interrupt service routine manager executes the corresponding
service routine. However, the interrupt for SPT ISR is triggered
when there is a data in SPI receive buffer.

Sinusoidal PWM (SPWM) technique is used generate output
signals taking amplitude and phase of the modulating signal
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Fig. 2: The program structure of a TAPAS inverter.

as the input. The amplitude is provided in terms of direct
axis component (uy) and quadrature axis component (u,) by
the voltage control law to be discussed later. The process to
generate the phase (0) is described subsequently.

The following equation can be used to generate a phasor of
angular frequency @

ok = "

No
where k is the kth iteration of the program, n[k] € Z* is the
counting variable that is updated with each iteration, and Ny,
is the normalization factor. Mathematically, the update law for
n[k] can be expressed as follows

k—1]+1 k] <N,
n[k]: l’l[ ]+ ’ l’l[]< ]
0, n[k] > N
where Ny, can be calculated as
Seik
Nw -
ol

and 7 is a prescaling factor of processor’s timer/counter unit
that is used to set the switching frequency. Parameter f, is
the processor clock frequency of 90 MHz. As an example,
a configuration to generate phase 6, of nominal frequency
%‘; = 60 Hz is made subsequently. Considering the scaling
factor of n = 225 for the switching frequency of 200 kHz,

Ny, and 6, are obtained as

0

Ng, = a{:“”‘ — 6666 (1)
2T
k
ol =10 @

B. Measurements of signals

The measurement of three phase voltages and currents is
done using analog to digital converter (ADC) units. A software
PLL is designed to measure the phase and frequency at differ-
ent nodes. The PLL consists of phase measurement unit and
frequency measurement unit. The phase measurement unit is
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Fig. 3: Zero crossing method of frequency measurement

implemented as per [10] to provide phase (6) in per unit. The
frequency of such 6 is measured using zero crossing method
as shown in Fig. 3 [11]. As the time progresses, 8 increases
linearly until it reaches 1 where it resets. Simultaneously, the
counter unit of the processor is configured to decrease linearly
and reset when 0 resets. The time period Tj is then calculated
as (3). After 6 has been obtained, standard Clark and Park
transformations are applied to convert the measurements from
abc frame to dq frame.

Ty = L(Im'z‘ial — Final) 3)
clk

The Fig. 4 shows the various signals that are involved in
the overall implementation program. V. is the DC voltage
across the inverter, vy and i; are the voltage and current
at the inverter terminal. Since the sensors are not installed
at the switch terminals in TAPAS, v, is calculated using
the standard equation presented in [8] while an observer is
designed to estimate i;. v, and i, are the signals after the
LC filter, and are often termed as output voltage and output
current in this paper. vp; is the voltage at bus bl while vy,
is the voltage at bus b2. The circuit breaker (CB) isolates the
inverter from bus b2 which represents the common coupling
point (CCP). Ly and Cy are the inductance and capacitance
of LC filter while Ry is the parasitic resistance. L. and R,
are the equivalent inductance and resistance of the isolation
transformer. Besides these standard measurements, one more
quantity called delta angle (0) needs to be calculated for the
purpose of angle tracking. Basically, 0 is the phase difference
between the phasor vector (8) associated with a signal and
the nominal phasor (6,) rotating with nominal frequency ,.
Mathematically, this can be expressed as

On[k] = O[k] — 6, (k] )
III. DISCRETE PRIMARY CONTROL DESIGNS

The grid forming controls consist of two parts: a) angle and
frequency tracking (for synchronization, grid connection and
load sharing); and b) voltage tracking. It is worth noting that
such tracking laws were first derived in [8] for the continuous
time domain, but their implementation in hardware requires
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Fig. 4: Circuit diagram for a single TAPAS inverter system

substantial modifications beyond a standard mapping to the
discrete-time domain, which is the subject of this section.

A. Angle and Frequency Tracking

The angle and frequency control is needed for connecting an
inverter-based resource to the grid and for load sharing in grid-
connected operations. In the first case, the voltage phasors at
both ends of the switch must be controlled toward a consensus.
In the second case, both the angle and frequency of inverter
need to be controlled based on their reference values provided
by a secondary control.

Let us recall from [8] that the continuous-time domain
frequency/angle tracking law is

0.(t) = @, — SAT { /t Imealt) + pes()dt )

where , is the synchronous frequency, ®, is the frequency
control input,

ewlt) = 0p(1) ~ (1), e5(t) = /(1) — 87(1).

¥; > 0 are control gains, and SAT(-) is the saturation function
centered at 0 and of width £5% of ®,. Symbols &, and
0" are the angle feedback signal and the reference angle,
respectively; and @y(7) and @’ () are the measured frequency
feedback signal and its reference, respectively. Conversion of
frequency/angle control from (5) to the discrete-time domain
involves four modifications.

Firstly, frequency feedback w;(r) = w(r) is assumed in
theory to be noiseless and precise. However, due to imperfect
sensors and testbed, the measured frequency @,[k] is subject
to both measurement noise and round-off errors. Because the
measured frequency @,[k] is quite noisy, we choose to make
@nlk] pass through a low-pass filter G(z~!) with a cutoff
frequency of 10Hz. Given that the filter cannot remove most of



the noises, the following feedback-feedforward rule is applied
to generate the frequency feedback signal wylk]:

ok = {Gf(zl)wm[k] if |Gy(z )@ — | <0005

@ [k] ©

otherwise

Secondly, feedback angle &y is chosen according to the
specific scenario. During the period of synchronization and
connecting to the grid, the phasor of the inverter should be
equal to the phasor of the grid at the common coupling point
(CCP), that is,

8¢lk) = Gy (z™")(Bpalk] — B [K]), &"(r) =0, @)

where 0y, is the phasor of the grid at bus b2 while 6y, is the
phasor of the inverter at bus bl. Once having connected the
grid, the inverter follows the command from the secondary
control and participates in load sharing, that is, 6" is provided
by the secondary control and

5f[k] =6, [k] -6, [k]> (8)

where 6, is the noise-free feedforward value of the phasor
angle at any point from s to b1 in Fig. 4. Note that, in TAPAS,
there is no measurement at point s and that measurement at
point b1 is noisy and hence would be inferior to O,.

Thirdly, in order to remove the low-level persistent noises
and achieve asymptotic stability, the following deadzone func-
tion DZ(-) is introduced:

0 if |ep|k]| <0.001

DZ(ealk) = { (e lI=0 )
0 if k|| <0.001

DZ (es[k]) = {ea[k] ;lslz‘s[ II= . (10)

Finally, employing the separation of
0. = 0, + 0.,

expressing @, in terms of the integral in (5), incorporating the
modifications of (9) and (10) into the expression of @/, and
discretizing the final expression, we have

k] = zk—1]+ fiInDZ(ewk—1])
+nDZ(eslk—1])], (11
w![K] —SAT [z[K]], (12)
6:[] Ok — 1]+ fyo [k —1], (13)
O.k] = 6,k]+ 6.k, (14)

where 6,[k] is defined by (2) and f; is the sampling frequency.
B. Voltage Tracking

The inverter model in the dg frame can be expressed as [8]:

di, )

7; =Aq1ip+A12vo +Divp (15)
dv . .

7; = Ap1ip + A2V, +Agsis (16)
di .

i = A32v, +Az3is + B3uy, (17)

where submatrices A;; are given in appendix B. The following
continuous-time voltage tracking control designed in [8] makes
the output voltage v, track its reference v;, (which is piecewise
constant).

:C
e’}

mi, (18)

u, =— B;l [A32v0 +As3is + Yis(is — i5) — dt

where 7,0, %s > 0 are control gains, and

r

) _ . dv
£=—A5 |:A2110+A22V0+'}/v0(vo_v(r;)_ dt"], (19)

dic di dv

— = —A531 {An —2 4+ (A + %a)dto} . (20)

dt dt

TAPAS implementation of the above control requires two
modifications. First, inverter’s switches terminal voltage v
shown in Fig. 4 is estimated by

vy = Le,

s 2 4
Second, since output current i; at this terminal cannot be
measured in TAPAS, a closed loop Luenberger observer is
design as follows:

N F LH) . 1
o ={1+ % - S g1 0+ Lovi+ni) e
where ¢ = [0pq Doy i Isg)? is the estimate of ¢ =

Vod Vog lsd isq]T. The vectors ¥ and y as well as matrices
F, G and H are given in appendix B. Luenberger gain L is
chosen such that the observer is asymptotically stable, with
its closed loop poles being three-time faster than those of
the voltage tracking control law. Accordingly, discrete-time
observer-based voltage tracking control law becomes

wlk] = —B;l{Agzvo[k]—i—Agﬁs[k]

@il -k @)

where %,,%s > 0 are control gains, v,[k] and i,[k] are the
measurements, and Z;[k] is given by the observer. In equation
(22), i[k] is the calculated reference for the current control
loop:

(1K) =~ { Aok + Azavo k] + %o (v k] =) |
and ¢ k] is the discrete-time value of (r),
nelk] = —Az { Aokl + (A2 + 1)y K]

where 1;[k] and 1, [k] are the discrete-time values of i,(¢) and

v, (1), respectively:
nilk]
mlk] =

An1io[k] +A12ve k] + D1vp [K]
Anii, [k] + AV, [k] +A23fs [k]
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IV. RESULTS AND DISCUSSION

The test system described earlier for one TAPAS inverter has
been replicated to build a microgrid of four TAPAS inverters
as shown in fig. 5. However, one inverter is sufficient to test
the implementation of GFM primary control laws. So, only
one inverter has been used in this work while the future
work on implementation of secondary control will use all
the inverters in the testbed. A MATLAB/SIMULINK program
to implement the discrete time control discussed earlier is
created. The sampling frequency of f; = 100kHz and PWM
switching frequency of 100kHz are used. The data is logged in
Raspberry Pi through SPI communication. It should be noted
that the SPI protocol introduces a communication delay of
30 ms. Therefore, the results are sampled every 30 ms in the
Raspberry Pi. The parameters of the testbed are listed in table
II.

TABLE II: Parameters of experimental testbed

Parameters [ Specification
DC-input 24V
Inverter side inductance (L) 1.3uH
Inverter side parasitic resistance (Ry) 1.8 mQ
Capacitance (Cy) 39.6 uF
Isolation transformer eqv. inductance (L) 70 mH
Isolation transformer eqv. resistance R. 0.8 Q
Load resistance (R) 8 Q
Load inductance (L) 4 mH

Fig. 6 shows the voltage tracking response of the controller.
The initial references are [v;, vi,] = [3, 0] volts which is
later changed to [6,3] volts. It can be seen that the controller
is able to track the reference voltages in both direct and
quadrature axis. Fig. 6¢ shows the estimation of i; current
by the observer at different stages of voltage tracking. The
estimated current is accurate enough to make the output
voltage track the reference voltage and hence eliminates the
need of sensors at the inverter’s switch terminals. This reduces
the cost and complexity in manufacturing of inverter devices.
Fig. 7 shows the frequency measurements at different stages

of the signal conditioning. It can be seen from Fig. 7a that
the raw measurements are quite noisy. The controller would
be unstable if such measurements are used as the feedback.
Therefore, conditioning of these measurements is essential to
produce relatively noise free feedback as shown in Fig. 7b.
Such feedback along with other necessary modifications dis-
cussed earlier are implemented for frequency/angle tracking.
The result for frequency/angle tracking is shown in Fig. 7c.
The reference frequency " is set at 60 Hz while 0" is initially
at 0 and is changed to 2 degrees. It can be seen that the
angle tracking law is effectively able to track the reference.
Furthermore, the frequency transient during angle tracking is
also within the acceptable range of 5% during transients.

V. CONCLUSIONS

This work has discussed the hardware implementation as-
pects of primary control of GFM inverter in TAPAS software
defined inverter. Firstly, the basic configuration of TAPAS
inverter for generation of output signals, for measurement
and conditioning of such signals, and for data logging has
been described. To this end, a software defined PLL has
been designed for frequency and phase measurement, low pass
filters and feedforward signals have been used for conditioning
of these measurements, and a Raspberry Pi is used for data
logging. Secondly, the discrete domain equations for voltage
and frequency/angle tracking have been presented and the
necessary modifications from their continuous time domain
counterparts are discussed. Such modifications include use
of model equations and observers for state estimation and
generation of required phase through timers and counters as
opposed to integration of control frequency. Thirdly, these
tracking controls have been verified by the presented results.
The future work will focus on implementation of distributed
and cooperative secondary control and the black start of
TAPAS grid forming inverters based microgrid.
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APPENDIX

A. Matrices in System Dynamics

R,
e ab —_
Ap=| L k| An=|% ||, Di=—Apn,
i
_1 9 0
C (20
21 0 *le 2 [ . 0} 23 21

B. Matrices in Closed Loop Observer

A An 0 Ap

F:{Azz A21:|, G— {Aﬂ 0], H:[12><2 O],

Y= [iod ioq Vsd Vsq]T, y= [Vod Voq}T.



