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Abstract: In this article a new active control driver circuit is designed using the second-generation
current conveyor for the satellite’s torquer system. The torquer plays an important role in the attitude
control of the satellite. Based on the magneto-meter data, the satellite’s microprocessor calculates
the required current for the torque and sends a reference command. A close loop control system is
designed, which generates the desired output current. The parameters of the controller are optimized
using a variant of the well-known evolutionary algorithm, the genetic algorithm (GA). This variant is
known as the segmented GA. The controller is experimentally implemented using the commercially
available integrated circuit, the AD844. The error between the experimental and simulation results
has RMS values in range of 0.01–0.16 A for the output current and 0.41–0.6 V for the output voltage.
It has mean value of 0.01 A for the output current and has mean values in the range of 0.33–0.48 V
for the output voltage. It has standard deviation of 0.01 A for the output current and standard
deviations in the range of 0.24–0.35 V for the output voltage. Thus, there is a close match between
the simulation and experimental results, validating the design approach. These designs have many
practical applications, particularly for nanosatellites powered by photovoltaic panels.

Keywords: second generation current conveyor; torquer system; satellite; genetic algorithm

1. Introduction

A satellite’s altitude and position control are significant for its safe maneuvering that
has received significant attention of the design engineers [1]. It is important to control
the attitude of the satellite so that the instruments or the equipment they carry can be
pointed in the desired direction [2]. There are many devices for the attitude control of a
satellite, such as the thrusters, spin stabilization, momentum wheels, control moment gyros,
solar sails, gravity gradient stabilization, magnetic torquers, etc. [3]. All of these attitude
control devices are called “actuators.” Several factors, such as, the satellite dimensions,
satellite’s operating time, satellite’s mission, etc., are to be considered for choosing an
appropriate actuator.
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A magnetic torquer is a simple current carrying coil that can generate the desired
magnetic moment [4]. The torquer is mounted on the satellite and the interaction between
the magnetic moments of the torquer and the Earth’s magnetic field produces a torque on
the satellite. Thus, by controlling the resultant magnetic moment of a system of torquers
it is possible to control the satellite’s attitude. Three attitude controllers were proposed
in [5] based on the linear-time varying approach. Linear quadratic regulators (LQRs) were
used for the stabilization of the satellite using the magnetic torquers [6]. Another optimal
LQ control was proposed in [7] for achieving the attitude control of the satellite using the
magnetic torquers. An extended Kalman filtering based deterministic batch algorithm
was proposed by Challa et al. for the control of satellite using the measurements from the
magnetometers of an Earth radiation budget satellite (ERBS) in [8]. A similar approach
was proposed by the same author in [9] for the control of a spinning spacecraft. Another
predictive filter was developed for the attitude control of the satellite in real-time [10].
A modified state-dependent Riccati equation was proposed in [11], where the attitude data
was obtained using the magnetometers and the control was achieved using the magnetic
torquers. Proportional-derivative (PD) controller based active control system was proposed
in [12] for the magnetic attitude control. PD controller and an extended Kalman filter based
three axis attitude control of the satellite was proposed in [13]. PD controller was also used
for the attitude control of the ZDPS-1A pico-satellite using three-axis magnetic torquers [14].
Another PD controller was designed for the spacecraft stabilization, taking into account
the delay between the measurement and the actuation [15]. The magneto-meter data was
used for finding the magnetic torque required to stabilize a CubeSat using a detumbling
algorithm [16]. A backstepping controller was proposed in [17] for the attitude control of
the satellite.

The recent developments in the integrated circuit (IC) fabrication and embedded
system technology contributed to the design of efficient control circuits. The modern
control systems need several digital and analog circuits on a single chip that has motivated
the researchers to design more efficient designs [18]. Active control circuits based on
second generation current conveyors, popularly referred to as CCIIs, have been widely
adopted in the past few years [19]. CCII was used for the synthesis of transfer function [20],
design of filters [21], oscillators [22,23], controllers [24–26], etc. In [24], CCII based active
control circuit was experimentally demonstrated for a physical system, whose control
parameters were obtained using a series expansion method. The same series expansion
method was extended for designing CCII controllers for a two-input two-output (TITO)
system in [25]. A proportional-integral-derivative (PID) controller was designed using CCII
and particle swarm optimization (PSO) in [26]. In this article a CCII based active control
driver circuit is designed for the satellite’s torquer system, to control its attitude. The
proposed driver circuit is simulated using the ORCAD Pspice and a prototype is designed
using the commercially available CCII, the AD844. Moreover, the parameters pertaining
to the active control circuit are obtained using the optimization algorithm, the segmented
genetic algorithm (SGA).

Therefore, the novelty of this study can be summarized as follows: (1) a new active
control driver is designed and tested for the satellite’s torquer system; (2) an objective
function (based on the steady state error and the settling time) is proposed for the SGA
algorithm to find the optimal values for the controllers’ parameters.

The manuscript is conceived in the following sections. The description of the torquer
system and its modeling. This section also describes the CCII and the block diagram of the
proposed controller. The third section describes the SGA, along the optimization results.
These optimized parameters are used for designing the practical control circuit, whose
results are reported in Section 4. Lastly, the conclusion is given at the end of the work.
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2. Overview of the CCII, Torquer and the Control Arrangement
2.1. Second Generation Current Conveyor

The CCII was first introduced by Sedra and Smith in the year 1968 [27]. It has a
high gain bandwidth product and it consumes less power than its voltage counterpart
the operational amplifier (OPAMP) [28]. The schematic of the CCII is shown in Figure 1.
It has three terminals: the input terminals are X and Y. The output terminal is Z. The
relationship between the inputs and outputs is given by Equation (1) [29]. Commercially,
this is available in the form of AD844 [30]. iy

vx
iz

 =

 0 0 0
1 0 0
0 ±1 0

 vy
ix
vz

 (1)
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2.2. Torquer System and its Modeling

The torquer is responsible for the attitude control of the satellite. The satellite’s on-
board micro-controller takes the measurement data from the magneto-meters and generates
the reference command that is fed as an input to the torquer’s driver circuit. The output of
the driver circuit is fed to the torquer, which controls the satellite’s attitude.

The desired torque is generated by passing the required electric current through the
torquer by applying a voltage across it. Thus, it is necessary to study the relationship
between the voltage applied to the torquer and the current flowing through it. The torquer
coil has some specific resistance R and an inductance L. Thus, the torquer can be modeled
as a series RL circuit as shown in Figure 2. The electric current response to the applied
voltage is specified by the transfer function given by Equation (2).

I(s) =
1

R + sL
Vin(s) (2)
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Figure 2. Basic model of torquer system.

The torquer used for the present work belongs to a nanosatellite and has the parame-
ters that are shown in Table 1. The active control circuit designed in this manuscript is for
this torquer. However, the approach developed in this manuscript is applicable for any
other torquer system. Based on these parameters, the transfer function of the torquer used
for this study is given by Equation (3).

I(s) =
1

38 + 0.018s
Vin(s) (3)
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Table 1. Parameters of the torquer used in this study.

Parameter Value

Magnetic dipole moment, Am2 0.15
Coil resistance, Ohm 38
Coil inductance, mH 18

Number of turns 370

2.3. Generalized Control Block Diagram

A basic control arrangement is shown in the Figure 3, where the control circuit controls
the system to give the desired output based on the reference command input.
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The same concept is used in this article to control the current in the torquer system.
A driver is designed for the supervisory control of the torquer system’s current. This can
be an open loop or closed loop control. In most of the satellites, linear control is used for
achieving the attitude control using the torquer. For linear control, the architecture shown
in Figure 4 is proposed for controlling the torquer system.
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Two proportional controllers are used: one in the forward loop (K1) and the other in
the feedback loop (K2) for the closed loop control. An open loop control can be achieved
by removing the proportional controller in the feedback loop. The parameters of the
proportional gains in the forward loop and the feedback loop are obtained using the SGA
and these controllers are implemented using the CCIIs.

For the control of the torquer system, the advantages of using CCII as compared to
the operational amplifier (OPAMP) are:

1. CCII architecture offers better performance, high linearity, and an exceptionally clean
pulse response when compared to the OPAMP.

2. With the CCII, the closed-loop bandwidth is determined primarily by the feedback
resistor and is almost independent of the closed-loop gain. It is also free from the
slew rate limitations inherent in traditional OPAMPs. Additionally, in the OPAMP,
the bandwidth is limited by the gain.

3. With CCII feedback is in the form of current. CCII responds to an error current at
one of its input terminals, rather than an error voltage (as in OPAMP) and produces a
corresponding output voltage.
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3. Segmented Genetic Algorithm

This genetic algorithm (GA) is a widely used evolutionary optimization algorithm [31].
In GA an initial population containing of several individuals is taken that are encoded
as chromosomes. These chromosomes evolve over a certain number of generations. This
evolution is based on the following processes:

• Selection: This is the first step in which few individuals are selected from the previous
generation based on the fitness value. This fitness value is a measure of how close the
individual is to the optimum value.

• Crossover: This is the second step in which the individuals selected in the previous
step are used for generating the offspring.

• Mutation: This step is the last step in which the individuals are randomly mutated.

These three steps are repeated over several generations and the individuals evolve
continuously. Numerous variants of GA have been proposed to improve its performance.
Segmented GA (SGA) is one such technique whose superior performance has been demon-
strated [32].

In the SGA, the chromosome set is divided into two sets: set 1 and set 2. These two
sets of chromosomes are alternatively optimized. The flowchart of this technique is shown
in Figure 5.
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The parameters of the proportional controllers shown in Figure 4 were obtained using
the SGA. As the system is a first order system and the controller is of proportional type,
there is no overshoot in the output. Therefore, the criterion is to reduce the steady state
error and the settling time. The objective function is given below:

F = s2 + e2 (4)



Electronics 2021, 10, 911 6 of 12

where s is the settling time and e is the steady state error. To demonstrate the efficacy of
the proposed algorithm, its performance is compared with that of the GA, PSO, firefly
algorithm (FA), and bat algorithm (BA). All the algorithms are initialized with the following
parameters: maximum iterations: 30; number of variables: 2; size of the population: 10. The
other parameters of these algorithms are given in Appendix A. No special effort was taken
in fine tuning the parameters of the various algorithms. These optimization algorithms
were implemented in MATLAB and the optimized parameters of the controllers were
obtained by minimizing the cost function given in Equation (4) using these algorithms.
The step responses obtained using these algorithms are shown in the Figure 6 and the
comparison of different optimization techniques in terms of settling time and steady state
error are shown in Table 2.
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Table 2. Comparison of different optimization techniques.

Optimization Technique Settling Time (ms) Steady-State Error (%)

GA 0.186 10%
SGA (2 segments) 0.203 10.9%
SGA (6 segments) 0.141 7.6%
SGA (10 segments) 0.122 6.6%

PSO 0.151 8.1%
FA 0.16 8.6%
BA 0.227 12.3%

SGA: segmented genetic algorithm; GA: genetic algorithm.

From the figure and from the results shown in Table 2, it can be clearly observed
that the SGA with 10 segments is better than the other algorithms in terms of reducing
the steady state error. We can also observe that some of the algorithms perform better
than the GA, but their performance is still inferior to that of the SGA with 10 segments.
Additionally, it can be observed that the number of segments affects the performance of the
SGA. By proper choice of this parameter, we can improve the optimization performance.
The parameters of the proportional gains obtained using the SGA are K1 = 22.94 and
K2 = 23.45.

4. Control Driver Circuit Design

The control circuits based on the optimized values obtained in the previous section are
designed using the CCIIs. The control driver circuit in the closed loop architecture is shown
in the Figure 7. The current flowing through the torquer is sensed using the sense resistor.
This information is again fed back as a negative feedback to ensure the required current
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in the torquer system. By changing the tunable resistance R3, three different operational
ranges can be selected as follows: 15 V (400 mA), 25 V (650 mA), and 40 V (1 A). Simulation
and experimental validations are obtained for all three operational ranges.
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The circuit shown in the Figure 8 is the equivalent of the close loop control circuit.
As in the previous section, it is already explained that the transistors Q1 and Q2 are only
used to provide the current gain (β).
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Figure 8. Equivalent of the close loop control circuit.

Based on the command voltage signal, the driver circuit will give a small output
current, which will be amplified by the current gain (β), thereby delivering the desired
current to the torquer. For deriving the transfer function model, the various parameters
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that will be used are shown in the Figure 8. The following are the equations for deriving
the transfer function model:

iy = 0
vx = vy = vin

iz = ix

&


iy f = 0

vx f = vy f = vs
ix f = iz f

 (5)

ix =
v f − vin

R1
− vin − vL

R2
(6)

vin

[
1

R1
+

2
R2

]
=

v f

R1
+ vL

[
1

RL
+

2
R2

]
(7)

ix f =
v f − vs

R4
− vs

R3
(8)

iz f =
vs − v f

R4
−

v f − vin

R1
(9)

iL =

[ 1
R4

+ 1
R2

+ 2R1
R2R4

1
2 + R1

R4
+ RL

R2
+ 2R1R2

R2R4

]
vin −

[ 1
R3

+ 2
R4

1 + 2R1
R4

+ 2RL
R2

+ 4R1R2
R2R4

]
vs f (10)

iL f = β·iL&vs =
R6

R5 + R6
·vs f (11)

IL f = β

[ 1
R4

+ 1
R2

+ 2R1
R2R4

1
2 + R1

R4
+ RL

R2
+ 2R1R2

R2R4

]
Vin −

 β
(

1
R3

+ 2
R4

)(
R6

R5+R6

)
1 + 2R1

R4
+ 2RL

R2
+ 4R1R2

R2R4

Vs f (12)

Equation (12) shows that the final load current depends on the input voltage and the
feedback voltage. For a given reference input, the required current will flow in the load.
The increase or decrease in the load current due to the noise will be compensated by the
feedback voltage, and thus, the desired current will flow in the torquer system.

5. Simulations and Experimental Results

The active control circuit was assembled on a breadboard and the prototype was tested
on the torquer system. The CCII was implemented using the AD844 IC, transistor Q1 is
NPN 2N3701, transistor Q2 is the PNP 2N5679 and the transistor Q is the NPN 2N5672.
Both the control circuit and the torquer are shown in Figure 9.
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The various parameters of the resistors satisfying the proportional gains obtained
using the SGA were selected based on the equations derived above and these values are
reported in Table 3, for different operational voltages.
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Table 3. Resistance values for all three-voltage operations.

Resistance
Value

15 Volt Operation 25 Volt Operation 40 Volt Operation

R1 6.8 kΩ 6.8 kΩ 6.8 kΩ
R2 32 kΩ 32 kΩ 32 kΩ
R3 100 Ω 220 Ω 500 Ω
R4 6.8 kΩ 6.8 kΩ 6.8 kΩ

The control circuit was simulated using the ORCAD Pspice software and AD844 IC
was used for the CCII. ORCAD is a proprietary software belonging to Cadence design
systems, widely used for electronic circuit simulation and verification.

5.1. Results for 15 V, 400 mA

In nanosatellites the processor works on 3.3 V, so the output current that will flow
in the load varies from 0 to 400 mA against the reference input of 0–3.3 V. The output
voltage will increase from 0 to 15V. If the input is increased beyond 3.3V, the output current
will saturate to 400 mA. The output voltage saturates to 15 V. The simulation and the
experimental results are shown in the Figure 10.
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Figure 10. The 15 V operation (a) Output current; (b) Output voltage.

5.2. Results for 25 V, 650 mA

In this case, so the output current that will flow in the load varies from 0 to 650 mA
against the reference input of 0–3.3 V. The output voltage will increase from 0 to 25 V.
If the input is increased beyond 3.3 V, the output current will saturate to 650 mA and the
output voltage saturates to 25 V. The simulation and the experimental results are shown in
Figure 11.
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5.3. Results for 40 V, 1 A

In this case, so the output current that will flow in the load varies from 0 to 1 A against
the reference input of 0–3.3 V. The output voltage will increase from 0 to 40 V. If the input
is increased beyond 3.3 V, the output current will saturate to 1 A and the output voltage
saturates to 40 V. The simulation and the experimental results are shown in Figure 12.
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It can be observed from the above figures that the linearity of the experimental output
is good, because of the tolerances on the printed circuit board (PCB). For the 25-volt
operation, in transistor Q, small base current (in the range of uA) results in high emitter
load current (mA). In practice, to maintain a constant base is difficult. Therefore, even a
small base current change (due to fluctuations or noise) can lead to sufficient emitter current,
which in turns leads to change in emitter voltage. Due to this reason the experimental
output voltage exceeds 25 V and the experimental output current exceeds 650 mA. For the
40-volt operation, the load current requirement is high. Due to this, the transistor Q’s base
current is also high and thus, its operation region shifts from the linear region towards the
saturation region. This reduces the linear range of operation.

For qualitative assessment of the results, the error between the experimental and
the simulation results was analyzed. It was observed that the RMS error is in range of
0.01–0.16 A for output current and 0.41–0.6 V for output voltage. The error has mean value
of 0.01 A for the output current and has mean values in the range of 0.33–0.48 V for the
output voltage. It also has standard deviation of 0.01 A for the output current and standard
deviations in the range of 0.24–0.35 V for the output voltage. Furthermore, it was also
observed that the RMS error, the mean error, and the standard deviation in the error for
25 and 40 V operations are almost similar.

6. Conclusions

Magnetic torquers are widely used for the attitude control of satellites. Kalman filters,
PD controllers, etc., were adopted by the researchers for controlling the current flowing
through the torquer, using the reference command received from the microprocessor. In this
article an active control driver was designed for controlling the torquer’s current.

The main findings of this study are as follows: (1) the new active control driver was
designed using CCIIs and tested for three operation ranges; (2) the optimal values for
the controller parameters were obtained using the SGA algorithm; (3) the experimental
results are in good agreement with the simulation results, the RMS errors being in range of
0.01–0.16 A for output current and 0.41–0.6 V for output voltage. The error has mean value
of 0.01 A for the output current and has mean values in the range of 0.33–0.48 V for the
output voltage. It also has standard deviation of 0.01 A for the output current and standard
deviations in the range of 0.24–0.35 V for the output voltage.
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These obtained results indicate that the design presented can be practically employed
for space applications. The authors intend to develop artificial intelligence methods for the
attitude of the satellite based on the measurements obtained from the magneto-meters, in
their future research and compare the results obtained by using the proposed method of
attitude control with other methods of attitude control proposed in the literature [33].
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Appendix A

GA Parameters: Population size = 10, number of generations = 30
SGA Parameters: Population size = 10, number of generations = 30
FA Parameters: No. of fireflies: 10, α (randomness) = 0.5, β0 (attractiveness) = 1,

γ (absorption) = 1, No. of Iteration: 30
PSO Parameters: Number of particles= 10, number of iterations = 30
BA Parameters: Population size = 10, No. of iteration = 30, A (loudness) = 1, α = 1, γ = 0.1
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