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A B S T R A C T

This article presents the design, identification, simulation, and control of a buck converter implemented for bulk
metallic glass thermoplastic micro-forming. In manufacturing of multi-faceted bulk metallic glass knife edge, the
temperature of the micro-forming sample is critical to the thermoplastic deformation, which determines the
quality of the blade edge shape. We propose a nested inner-current outer-temperature control system for high-
fidelity temperature regulation. The inner-current control loop is implemented on a modified buck converter,
which allows high-power rectified AC input and outputs current that can be regulated with a precision of 2 %
over a bandwidth of 5 Hz. We use switch-averaged electrical model together with feedback linearization to
address complex nonlinear dynamics that describe a buck converter, and to enable it using linear control design
methods. The outer-temperature control design ensures temperature regulation of a heater by prescribing real-
time reference power that the current-control loop should provide. The challenge of nonlinear relationship
between the required reference power and the regulated current is addressed by exploiting the high-bandwidth
of the inner-current loop. The control objectives of regulation performance and robustness to modelling un-
certainties are posed and solved in an optimal control (H∞) framework. Experimental results demonstrate that
our control design achieved the required temperature regulation at 673 K within 0.03 K. An improvement of over
5000 % is demonstrated when compared with previously implemented control designs. Moreover, the buck
converter-based system enables regulation accuracies that were not possible with other popular existing methods
such as TRIAC and traditional relay switches.

1. Introduction

In corneal surgery, higher quality blades result in shorter recovery
time, less trauma to the eye, and reduced possibility of repercussion.
Vitreloy-1 [1], a zirconium-based bulk metallic glass (BMG) with che-
mical formula: Zr41.2Ti13.8Cu12.5Ni10.0Be22.5, is shown to be an alter-
native material for manufacturing the surgical blade [1–4]. At tem-
peratures above their glass transition temperature, BMG samples can
undergo thermoplastic drawing and molding process, which can result
in formation of sharp-edged blades. At room temperature, BMG has
high strength and hardness that are ideal for the formation and reten-
tion of sharp edges. Krejcie [2] successfully developed a testbed for
BMG thermoplastic forming that can manufacture straight edge surgical
blades with an edge radius of 50 nm. Zhu [3] later developed another
testbed that can successfully manufacture high-quality sharp curvi-
linear edge surgical blades. From these previous studies, it is found that
the blade quality is very sensitive to the temperature during the forming

process. Slight fluctuations of the temperature can alter the type of
deformation of BMG [4] from homogeneous deformation in the New-
tonian region to high viscosity deformation in the Non-Newtonian re-
gion, which yields poor quality edges of the blades [2,3]. For a better
understanding of the drawing process Dancholvichit et al. [4] devel-
oped an Auto-Regressive eXogenous, ARX model for predicting the
process temperature and implemented fuzzy logic control based on
these models. Here, it was shown that the steady state error in tem-
perature regulation in their setup mainly stems from the modelling
uncertainties in the temperature process. The control design improved
the root mean square error, RMSE to± 2.5 K for the referenced tem-
perature setup of 673 K. However, the steady state error of the con-
troller is limited by relatively low bandwidth from relay switches. A
new control architecture is needed to achieve precise temperature
regulation and to address the inconsistency of the manufactured blade
edges.

In most resistive heating control applications, there are several
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approaches that control the temperature. Many of them use relay
switches where pulse width modulation (PWM) signals are used to
appropriately turn on/off the power sources so that the average power
over a period is as required by the load. Recently solid-state type relay
switches are becoming more popular since with these devices it is
possible to increase the switching frequency without wearing the
components. Liu et al. in [5] used a relay-based system for temperature
control of injection molding machine, where temperature load dis-
turbances were addressed using system identification and internal-
model-principle based control. However, relay switches cannot provide
consistent power output over control cycle, which is possible only when
switching frequency is much higher than the frequency of the AC
source. Several heating and lighting applications use Triode for alter-
nating current (TRIAC) circuits, where phase of the AC cycle is ap-
propriately controlled with zero crossing detector sensing made pos-
sible from the opto-coupler, and the power input to the heater is
controlled by the firing synchronized pulses of PWM signal from the
controller. However, this circuit cannot provide high power factor and
still has power fluctuation within an AC time period. As a result, the
bandwidth of the controller is limited to the frequency of the AC source
and it requires a setup of opto-coupler to detect zero-crossing, which
makes it an unattractive option [6]. Liu et al. proposed an AC chopper
circuit that uses insulated gate bipolar transistor (IGBT) to appro-
priately condition the power from the AC source and obtain con-
trollable average power output [7]. Moon et al. also proposed a similar
idea but implemented the AC chopper to the buck converter [8]. Ba-
harom et.al. modified the AC to AC converter circuit using single phase
matrix converter configuration [9]. For these studies, the output signal
is not in the continuous mode and has high fluctuations as high as the
amplitude of the AC input source. Finally, DC power supply could also
be an alternative approach that convert the power from AC mains to
high power DC. The heater can be regulated using DC controller [10],
but the related setup and instrument costs are much higher since the
heating applications consume higher current relative to other types of
load.

This article presents a hardware design along with the control fra-
mework that enables temperature regulation required for drawing
process for BMG. It is very critical that BMG is regulated within a small
temperature window in order to provide predictable thermoplastic
forming behaviour required for sharp blades with low edge radius. The
primary control objectives are to regulate the temperature within an
error bound of 1.5 K. Such a design would ensure that the viscosity of
the sample during thermoplastic drawing is within less than 2% of the
desired value required for drawing BMG [2,3]. One of the primary
challenges to achieving the temperature regulation is the complex dy-
namics that describes the drawing process, the modelling uncertainties
especially in terms of convection, conduction, and radiation losses to
air, and the stringent accuracy requirements on temperature regulation.
The challenges on the hardware design include developing a system
that can achieve temperature regulation within tight bounds while also
satisfying low investment cost. Accordingly, we have developed a re-
sistive heating system where the current is controlled precisely, thereby
enabling precise thermal outputs and consequently tight temperature
regulation. A heater system based on buck converter where the high-
voltage power input from a rectified AC power source is converted to a
low-voltage high current output as required. The innovations are in
terms of enabling using AC source from the wall outlet in this im-
plementation to minimize the cost of the setup. Also, typical existing
buck converter designs do not provide high current outputs as required
by our application; our circuit design makes it possible to achieve high
current on the order of 2.5 amps with 300 W. The demands on the
hardware and control design are to ensure that the transient overshoots
in current are small, the current should be within saturation limits, and
the closed-loop bandwidth of the combined electrical-thermal system is
at least greater than 0.1 Hz.

The testbed configuration of the setup, electrical, and thermal

systems, and the overall control framework is discussed first, followed
by the discussion of system identification of both systems. The simu-
lation and robust control of both systems are then presented. Finally,
the results and conclusions drawn for this study are given.

2. Testbed hardware and model

The hardware for the testbed comprises of the electrical system, the
thermoplastic micro-forming platform, and the associated control
hardware. The electrical system comprises of a buck converter and
additional circuitry required for taking power from the wall AC source
and regulating the current as required by the resistive heaters. BMG
sample is drawn using the micro-forming platform. The control hard-
ware takes in voltage and current sensor measurements from the elec-
trical system and the temperature measurements from the micro-
forming platform, and provides the on/off duty cycle for the buck
converter, so that appropriate current is delivered to the heaters;
thereby achieving temperature regulation required for drawing BMG.
This section presents the testbed configuration, the electrical and
thermal systems, and the layout of the control framework respectively.

2.1. Thermoplastic micro-forming testbed configuration

The testbed used in this study is a hybrid thermoplastic micro-
forming process discussed in [3,5]. The setup of the machine is shown
in Fig. 1(a). The machine consists of a lever arm mechanism driven by a
vertical linear motor. This lever arm is connected to the molding
module that can exert the amplified force from the linear motor to the
BMG sample. There are two drawing modules, offset by 90°, located in
the front of the molding module. These two modules, which are voice
coil actuated enable micro-drawing of the sample horizontally to create
blade edges. Molding and drawing dies, which attach to the corre-
sponding modules are connected to the heater cartridges.

There are six resistance detectors (RTD) installed near each of the
six heater cartridges; two on top and bottom dies (RTD1 and RTD2) and
four on each grip (RTD3 and RTD4 on the left and RTD5 and RTD6 on
the right), respectively as shown in Fig. 1(b) and (c) [3,5]. In our de-
sign, we assume that the temperature measurements from the RTDs

Fig. 1. Configuration of thermoplastic forming testbed [3].
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approximate well the temperatures of the respective dies since the
distances between them is small and heat is applied to the center of the
six heaters. The electrical current passing through heater cartridges is
measured by the hall-effect current sensor. The control signal is gen-
erated from a field programmable gate array (FPGA) from the Compact-
RIO 9074 by LABVIEW with 8 C-series modules that have I/O interface
to control various actions of the process. There are three sub-systems
involved. Two NI 9217s are used to measure six temperature mea-
surements including molding and drawing module of the testbed, a NI
9472 is used to send PWM digital signal of temperature controller and a
NI 9205 receives current feedback from the hall effect sensor, HX03-P.
The real-time (RT) processor is embedded in the compactRIO hardware
processing within a deterministic operating system along with FPGA
unit that computes time critical tasks.

The hardware components for the temperature control is illustrated
in Fig. 2. The 120 V/60 Hz AC source is first filtered and isolated from
the earth ground using a transformer before connecting to the buck
converter. Buck converter receives the controlled PWM signal gener-
ated from FPGA in LABVIEW. In this paper, we are demonstrating one
heater control (RTD3) but the design is scalable to all the six heaters.
Initial calibration of the PWM algorithm that generates PWM signal to
the IGBT is performed.

The output of the buck converter is an electrical current that can be
controlled by appropriately designing the duty cycle D t( ). The electrical
current passing through a resistor generates the power consumed by the
heaters that can be measured by RTD. The temperature value from RTD
is then transferred back to the RT in LABVIEW. The calibrated tem-
perature data from RTD sensors are fed to the control algorithm in RT
resource. The current reference is passed through the electrical control
loop to evaluate D t( ) in FPGA. The implemented duty cycles need to be
calibrated in order to ensure the precise PWM in IGBT from FPGA. This
calibration is to compensate the offset voltage of IGBT, response time of
the PWM unit, and voltage drop across the IGBT [11]. From the ex-
perimental calibration, D t( )g and D t( ) are related as

=D t D t( ) 1.0181 ( ) 0.1569g with R2 = 0.99.

2.2. Electrical system

The main component of the electrical system is the buck converter.
Buck converters belong to a class of switched-mode power electronics,
where a semiconductor based high frequency switching mechanism
(and associated electronic circuit) connected to a DC power source
enables changing voltage and current characteristics at its output. A
buck-converter regulates a voltage at its output, which is smaller (and
hence higher current) than the input voltage. The circuit diagram of a
general buck converter is given in Fig. 3(a). The output voltage/current
is achieved through designing the duty-cycle of the switching compo-
nent, how long is the switch is on or off during a switch cycle; this
design is implemented using an appropriately designed PWM signal.
When the switchQ (implemented using an IGBT) is in the on state, there
is no current through the diode and the current flows through the in-
ductor and the load. When it is on the off state, the current then free-
wheels and slowly decays from the capacitor through diode and the
load. The frequency of the switch and the inductance is chosen so that
the current through inductor would not drop to zero; that is to maintain

it in continuous-current-mode (CCM).
The heating system requires high-power over a long time that ty-

pical cheap dc sources cannot provide. Therefore, in our work, we
modify the buck-converter circuit by appending a rectifying circuit that
takes in AC power from a wall outlet and provides the corresponding
DC power to the buck converter. Fig. 3(b) shows a schematic of the
modified circuit. This switch-based circuit takes the AC input from the
120 V/60 Hz AC wall outlet. The bridge rectifier converts AC source to
rectified sinusoidal DC signal. The resistors and capacitor attenuate the
ripple of the rectified DC before passing to the IGBT. The rectified
voltage, Vs, is input to the buck converter, which is controlled by IGBT.
The modification of this buck converter is on the right side of the
schematic, where the AC source is rectified and smoothed out by a set of
low pass filter with R1 and C1. This results in lower output power
compared to the AC from the wall. Another resistance R2 is attached in
parallel to the capacitor C1 which makes it possible to dissipate the
energy out when the circuit is switched off. The output of the circuit is io
which is the current passing through the heater, Ro. The buck converter
in this application is designed to be operated in continuous current
mode to prevent nonlinearity and discontinuous current.

To model this circuit, we determine dynamics of the buck converter
averaged over a switch cycle. Here we exploit that the switching fre-
quency is much faster ( 10 kHz) than the desired bandwidth of the
closed-loop system ( 30 Hz). The averaged model neglects the high
frequency dynamics, but it is sufficient as the bandwidth of the con-
troller is much slower than the pulse frequency of the switching cycle.
The averaged dynamic model of a buck converter is given by;

= =L di t dt D t V t i t R RC di t
dt

i t i t( ( ))/ ( ) ( ) ( ) ( ) ( ) ( ),L s
u t

o
o

L o
( )

2
(1)

where i t( )L is the current through the inductor, i t( )o is the output
current, D t( ) represents the duty-cycle of the input at time t. V t( )s is the
voltage across IGBT [9,10,12].

In the modified circuit,V t( )s is the voltage across IGBT which can be
derived from the appended circuit as;

= +C dV t
dt

V t
R R R

V t D t i t( ) ( ) 1 1 ( ) ( ) ( ),s R
s L1

1 1 2 (2)

where is the voltage across the bridge rectifier.
Note that the modified circuit is described by Eqs. (1) and (2) are

coupled, nonlinear and it is relatively difficult to design the duty cycle
D t( ) to make i t( )o track a prescribed reference signal. To simplify
control design, we exploit the structure of these equations and available
hardware. First, we redefine the control variable by =u t D t V t( ): ( ) ( ).s

Fig. 2. Hardware diagram of components.

Fig. 3. Buck converter circuit (a) and modified buck converter (b) schematic.
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This makes the system of Eq. (1) a linear control system, where the
system dynamics is linear in the control design variable u. Now we
place a voltage sensor that measures V t( ),s which has multiple benefits:
(a) The duty cycle D t( ) is easily determined in terms of the control
design variable u t( ) and measurement V t( )s simply by =D t( ) u t

V t
( )
( )s
; (b)

It makes the control design independent of the more complicated dy-
namics forVs given by Eq. (2). We have to ensure that the control design
is such that V t( )s is not unreasonably high; (c) These modifications re-
sult in a simple linear-time invariant control system, which enables
obtaining simple models through system identification. More precisely,
the transfer function between input u t( ) and output i t( )o is determined
from frequency response. These empirical models are more accurate
than the model given in Eqs. (1) and (2) since they capture un-
certainties such as parasitic resistances not modeled by Eq. (1); and (d)
It enables robust optimal control design - here we can account for
multiple sources of modeling uncertainty, which includes sensor noise
in measurements of voltage V t( )s

The parameters of the components used in the setup are listed in
Table 1. The selection of the hardware components is based on the
resistance value of the heater, Ro. Resistance R1 is chosen such that it
lowers the maximum current going to the heaterheater, since the power
required at the resistor Ro to maintain a desired temperature is sig-
nificantly lower than the input AC power. Addition of capacitor C1
completes the low pass filter configuration and ensures that the ripples
in the rectified voltage Vs is attenuated. R2 helps dissipate the surplus
power when the circuit is not used and turned off. L and C2 are chosen
to maintain the circuit to be in continuous mode. High value of L en-
sures that the current after IGBT does not cross zero and C2 is to
minimize ripple of the current output.

This design that incorporates buck converter and low pass filter
provides the current output to be controlled in any desired shape since
the output is the continuous DC signal. The advantage of this proposed
buck converter design is that the output current is not chopped dis-
continuously as presented in many existing approaches [6–9]. Using
relay switches alone in hard switching mode also results in chopped
sinusoidal wave; here the power is not transferred to the heater effi-
ciently due to hard switching interrupting the power during zero
crossing of the current. It is also harder to control with nonlinear re-
sponse introduced by the relay switch. Similarly, the TRIAC circuit
provides chopped current output in every AC cycle which in turn limits
the maximum current tracking bandwidth to be the frequency of the AC
cycle. The proposed design here can track the referenced current in any
desired shape since it provides continuous current output. The energy
loss to switches is minimized due to no zero crossing during operation.
In addition, the drawing process can benefit from this design, where the
temperature can be varied along the length of the extrusion during the
sample drawing process.

2.3. Thermal system

The thermal system is operated by cartridges heater made of re-
sistive heating element that converts electrical power to thermal power.
The thermal output power is proportional to the electrical input power

with an efficiency factor , that is, =P i R(thermal o
2 ) based on Joule-Lenz

law. In this work we use DC current input to regulate the temperature of
the module. The RTD sensor is a 100 Ω wire-wound type that provide
feedback to the DAQ with a resolution of 3E-3K. In our design, we as-
sume that the temperature coefficients of all resistors are negligible,
including all the resistive heaters. As a result, all resistances in the
circuit are constant and not a function of temperature. The heating
module along with RTD sensor could be viewed as a large complex
dynamic plant with model uncertainties including convection, con-
duction, and radiation losses to air. We use system identification to
estimate the dynamics of the heating module. With fast-response cur-
rent control from the electrical system provided to the thermal system,
precise temperature can be obtained since the controller is designed to
reject the disturbances and compensate for the model uncertainties.

2.4. Control framework and limitations

The complexity of the dynamics of coupled electrical and thermal
systems is addressed by employing a nested structure in the control
framework. This nested structure comprises an inner-current feedback
loop and an outer-temperature feedback loop as shown in Fig. 4. This
structure exploits the difference in temporal bandwidth of the fast
electrical and the slow thermal systems. The faster inner-current loop
tracks the reference input current as prescribed by the outer-tempera-
ture loop and outputs electrical current feedback going to the heater,
GT . The inner loop controller CE , is implemented by designing appro-
priately the duty cycles for the proposed buck converter, GE described
in Section 2.2. The slower outer loop is the temperature controllerCT , is
designed such that it provides an appropriate input power P regulates
the temperature at a prescribed reference value. The required power
input from the outer-loop control design is provided by the electrical
power from the buck-converter circuit. Accordingly, the desired cur-
rent, io ref, from the inner loop is designed so that P= i Ro ref,

2 .
By principal of Joule heating, thermal power is provided by the

electrical current flows through ohmic conductor [13]. The stability of
these two interconnected systems can be analyzed using slow and fast
manifolds of singular perturbation model [14]. The thermal system is a
slow dynamic system, which is of the form = + =x A x b P T c x;T T T T T11
(3). The fast system, = + =x A x b u i c x; (4)i i i o i i22 represents the
electrical system. The nonlinearity given by =P R io o

2 arises from the
interface between these two systems, where Ro is a constant. From
singular perturbation theory (Theorem 11.1 from [14]), we know that
x t x t( ) ( )* is O ( ), where x t( )* and x t( ) represent the solutions of
the above set of differential equations for = * and = 0. We estimate
that is on the order of 10 .4T

E
This justifies using = 0 for our

control design, which in turn corresponds to using the inner-outer
cascaded structure where we disregard the dynamics of the current-loop
and can assume that =P R i ,o o ref,

2 when considering the time-scales of
the thermal system. As a result, we design each controller separately
and combine them together during the implementation. io feedback
from the inner control loop then passes through the heater which its
temperature measured by RTD sensor described in 2.1 and 2.3 and
complete the feedback to the outer loop.

The two controllers are implemented in two different sections of the
DAQ. Since the inner control loop are more time critical, it is im-
plemented using in FPGA portion of the DAQ. The temperature con-
troller is implemented in a relatively slower RT signal processor and

Table 1
Component parameter values in the proposed circuit.

Components Value (units)

L 4.8 mH
Ro 47.2 Ω
R1 14.4 Ω
R2 10 kΩ
C1 470 μF
C2 100 μF
Lq 13 nH
Rq 5 Ω

Fig. 4. Block diagram representation of the inner-outer control design.
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then fed back to FPGA for the buck converter controller. This allows us
to distribute some computational load to RT from FPGA. It is noted that
there is negligible delay between data transfer between the two loops.

Apart from the designing the control law, the controller must be
designed under practical and fundamental limitations, especially
stemming from the constraints in the hardware implementation. The
controlled signal needs to be within saturations limit of the controller
and does not exceed the range and precision of the fix point data during
implementation in FPGA. The data acquisition rate and the delay be-
tween control loop needs to be minimized. Finally, the sampling fre-
quency of the discretized controller are more than 30 times the fre-
quency range of operation [15].

3. System identification of the electrical and thermal systems

To obtain the required dynamic models of the component systems,
the system identification for both the electrical and thermal systems are
carried out in this section.

3.1. System identification and verification of the electrical system

The dynamics of the buck converter circuit is obtained by de-
termining the transfer function from =u t D t V t( ) ( ) ( )E s to the output
i t( )o . Line search with frequency-sweep identification in MATLAB called
“tfest” toolbox is used. The input signal, = +u t A sin t( ) 40 ( )E E , with
frequencies of 0–1000 Hz is given to the system for the experimental
identification. Here the amplitude, =A V15E , is considered sufficient
so that the system is properly excited. The signal is also under satura-
tion of the circuit to prevent electrical damage. An offset value of 40 is
selected such that the current output of 1.16 A at the operating point of
interest. This current would maintain the temperature of 673 K, the
thermoplastic forming temperature of BMG. The data collected is
splited into 80 % for fitting the model and the other 20 % for validation.
The transfer function of the buck converter from input to current output
as obtained from our frequency response experiments is;

= + +
+ + + +

G s( ) 36423 ( s 5.032) ( s 0.02768)
( s 2837) ( s 820.8) ( s 3.797) ( s 0.02213)E (3)

The response data from the sinusoidal input signal is compared with
the identified controllable plant, GE. The frequency response of the
electrical system from averaged model, simulation and system identi-
fication are presented in Fig. 5. For the averaged model, the peak at
1440 rad/s is more noticeable than the other two models. This is due to
the addition of the parasitic inductance, Lq, and resistance, Rq, of IGBT
model [6,15]. However, there are other parasitic components em-
bedded in all electronics components that makes the system more
damped. As a result, the model from system identification is the most
damped compared to the other two. We found that change in operating
point from 20 to 50 V of the input signal has no significant effect to the

results. For control design, we used the model derived from the system
identification.

3.2. System identification of the heater

We again used frequency-response based system identification to
derive the transfer function from the input io

2 to the output temperature
as measured by RTD. Note that since =P i R( )thermal o o

2 , we choose io
2 as a

measure of input power, whereby the constants and Ro are embedded
in the DC gain. Since power of the thermal temperature is proportional
to the rate of change in temperature, the output temperature must have
an integrator to obtain temperature. The system identification is forced
to have s = 0 at one of the poles in the model. RTD raw data is also
passed through lowpass filter with cutoff of 5 Hz to attenuate switching
noise coming from IGBT.

The input signal, = +u t A sin t( ) 1.35 ( )T T , with frequencies of 0–20
Hz is given to the heater for identification. The operating point 1.35 is
chosen so that it provides the molding temperature of 673 K, which is
required for good quality blades. Amplitude, =A A0.3E

2 , is sufficient
such that the system is properly excited to a small temperature window
of interest at± 10 K. Two sets of input-output experimental data are
collected. The first set is used to estimate the transfer function using
“tfest”, similar to the electrical case. The first set of data is used to
estimate the model and the second portion is for verification. The
transfer function between the square of the electrical current and the
temperature is estimated as;

= +
+ + +

G s s
s s s

( ) 0.51414 ( 0.08723)
( 0.02853)( 0.1905 0.01352)T 2 (4)

The frequency response shown by Bode plots of the heater can be
found in Fig. 6. The response data from the sinusoidal input signal is
compared with the identified plant, GT . We found that change in steady
state operating point of the input signal has no significant change at
temperature window of interest at up to±20 K. Hence, only one op-
erating point of the heater is sufficient for the control analysis. We find
that the relationship of the square of the current input to the tem-
perature output of the heater is linear if the range of operation is in a
small window.

4. H∞ controller design

Both the thermal and the electrical systems have to meet multiple
objectives of precise tracking of reference inputs, avoiding input sa-
turation, and being robust to undesired dynamics. We used H∞ control
design since it is well suited to simultaneously design for multiple ob-
jectives. In this design, an optimization problem is posed that reflect
these closed-loop objectives; the solutions to which is easily obtained
using standard software routines (e.g. hinfsyn in Matlab). The fre-
quency ranges of interest of different objectives are designed in terms of

Fig. 5. Frequency response of the electrical system from averaged model, si-
mulation and system identification. Fig. 6. Frequency response of the heater module.
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weight transfer functions described below. In contrast to traditional PID
control design, this design requires no tuning, once the objectives are
precisely known. Here the controller order is the same size of the
physical system (the plant); hence it is not limited by only few desig-
nable parameters as in PID design. It does result in higher-order con-
trollers; however, in our case, it is not difficult to implement them in
FPGA since the controller can be reduced and grouped into biquad
filters.

H∞ controllers are implemented on both buck converter and heater
in order to meet specifications. Both controller choices and weighting
functions are picked during the simulation and design phase in
MATLAB. The design, testing and implementation of each controller
will be performed separately and ensured that the controlled bandwidth
frequency is not overlapping. We then can implement both controller
into a system controller loop as discussed in control framework.

Fig. 7 demonstrates a block diagram, which can represent either of
the electrical or thermal feedback control systems. Since we use the
same principles for control design of both the systems, we present our
design in terms of this general block diagram. Here, G represents the
physical system (electrical or thermal system); r represents the refer-
enced signal that the output y of the system G needs to track, d re-
presents the dynamics effect of the disturbance – the effect of dynamics
that have not been modelled by G ; and n is the sensor noise. The main
objective of the controller is to minimize the tracking error, =e r y.

For given controller K in a feedback-only configuration, the tracking
error is given by;

= = +e r y S r d Tn( ) , (5)

where the sensitivity transfer function = +S GK(1 ) 1 and the com-
plementary sensitivity transfer function = = +T S GK GK1 (1 ) 1.
Hence, the tracking error is contributed from these two transfer func-
tions. Note that there are some fundamental limitations, that is, there
are some objectives that cannot be achieved irrespective of the control
design. For instance, an important limitation arises from the algebraic
constraint + =S j T j( ) ( ) 1, which implies that S j| ( )| and T j| ( )|
cannot be simultaneously made small at the same frequency range .
Therefore, there is a tradeoff in deciding the frequency ranges where S
and T can be made small. The performance of both plants is mainly
characterized by robustness to modelling uncertainties and tracking
bandwidth. The attenuation of the sensor noise n is addressed by de-
signing K such that T j| ( )| is small over the frequencies beyond a
bandwidth T . The tracking bandwidth, BW , is determined by the
range of frequencies over the magnitude plot of the sensitivity transfer
function. This measure of bandwidth is used instead of the bandwidth
obtained from T, T since the actual response of the output is more
related to S rather thanT . The contribution of S andT must be balanced
in such a way that the controller is able to minimize the tracking error
without sacrificing ability to attenuate noise and maintain robustness
requirements.

To set up the H∞ optimization problem, we first identify the set of
inputs and outputs. In this system, as shown in Fig. 7, the exogenous
input w is the reference signal r . The control input is signal u and the
error is signal e. In this work, we select 3 weighted functions to reflect

the performance objectives and physical constraints as shown in block
diagram, Fig. 8. Three outputs, z1, z2, and z3 correspond to weighted
functions namely, W1, weighted tracking error, W2, weighted system
output, and W3, weighted control input. The weighting functions im-
poses the bound on the bandwidth of the desired requirements and
constraints. The transfer function W S1 characterizes the performance
objective of good tracking error in output current. W T2 is the com-
plementary transfer function that limit control gain at high frequency
and output current tracking. W KS3 is to limit the control effort, u t( ),
from saturation.

The setup the robust controller problem is to first construct the
stacked H∞ optimization problem [16]. The generalized plant, P can be
augmented from the transfer function from exogenous inputs and
auxiliary control input =w r u[ , ]T to regulated output

=z z z z e[ , , , ]T
1 2 3 given by;

=

=

z
z
z
e

W W G
W G
W

I G

r
u

0
0

P

1
2

3

1 1

2

3

(6)

The optimization problem is to find controller K such that the H∞-
norm of the above transfer function from w to z is minimized. W1 is
chosen to be large in frequency range to minimize tracking error. It puts
a lower bound on the bandwidth of the closed loop system but also
rejects high frequency noise. This rolls off frequency also limits the
bandwidth to be well below Nyquist frequency of the controller. W2 is a
high pass filter designed to attenuate measurement noise. It rolls off at
high frequency to reject noises from switching components. W3 limits
the magnitude of the input signal such that the output signal does not
saturate. H∞ controller will be simulated and implemented to both
identified electrical and thermal systems.

4.1. H∞ controller design of the electrical system and its implementation

The robust control for buck converter is designed with the goal to
minimize tracking error and reject disturbance from the AC source. The
disturbances of the systems can be contributed from noise from AC
voltage source, the noise from switching mechanism of IGBT, electro-
magnetic interferences and sensor noise in measurements of vs and io.

+
+W s

s1
0.1 375.1

0.3751 is designed such to have high amplitude of 40 dB at low
frequency and roll off at higher frequency. This selection of W1 yields
minimized amplitude of S j( ) at low frequency which can define the
tracking error bandwidth. = + +

+ +W s s
s s2

200( 1000)( 1300)
( 6000)( 5500) is designed to reject

noises from switching components; mainly the switching frequency of
the IGBT at 10 kHz. We designed =W 0.0013 to ensure that the current
does not saturate.

The controller is found to be a 13th order transfer function.
Balanced reduction [16] is used to obtain a 3rd order approximation

Fig. 7. Block diagram schematic for the robust control of both electrical and
thermal systems.

Fig. 8. S and T transfer function of electrical systems.
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given by

= + +
+ + +

K s s
s s s

28526 ( 1714) ( 41.69)
( 2132)( 61.58) ( 0.375)E (7)

The closed loop transfer function of linearized electrical system at
the operating point is stable since all roots of the denominator in the
closed loop transfer function are located on the left half plane at
-1382.51± 709.83i, -1711.71± 1016.06i, -397.27±61.37i, -0.126,
and -430.83, respectively.

The sensitivity and complementary sensitivity transfer functions S
andT are shown in Fig. 8. The tracking performance is characterized by
the −20 dB crossover frequency of S which is 200 Hz. The relatively
low roll off frequency of T ensures mitigation of noise from the
switching components at 10 kHz to −40 dB. The input signal in the
simulation does not saturate at maximum duty cycle (100 %), which is
2.51 A.

For implementation, the designed controller is converted from
continuous to discrete time transfer function using Bilinear (Tustin)
method. To ensure stability, reduce quantization effects of the compu-
tation, and perform parallel computation of the controller, the dis-
cretized controller is implemented as a biquad (second-order) IIR di-
gital filter [17]. The implementation of the robust controller is
implemented in FPGA with sampling time of 500 μs. First order low
pass filter of 10 kHz is also implemented on both io and Vs to reject
sensor noises. In both measurements, two-element deep pipeline
method is implemented to prevent data loss during signal processing
[18].

Both closed loop frequency response from experiment and simula-
tion of the electrical system are shown in Fig. 9. The −3 dB cut-off
frequency of the closed loop transfer function is at 1527 rad/s (243 Hz).
The closed loop bandwidth of the experiment shows slightly better
noise mitigation at higher frequency. The sensitivity transfer function
which can be used to determine the tracking bandwidth of both simu-
lation and model have minimum peak values. Hence, the system is
relatively robust to modelling uncertainties at the operating condition.

The closed-loop tracking performance from simulations and ex-
periments are shown in Fig. 10. The transient response of the experi-
ment of all three sets are similar. The parasitic resistances and in-
ductances that are not included in the averaged model yields slightly
different transient response. The steady state current of the proposed
controller in the Buck converter circuit is found to be 0.3±0.007 A.
The response shows some oscillations especially at the steady state. This
is mainly from the AC source as well as the noise due to switching from
IGBT. The rise time of this closed loop-controlled response is 0.005 s,
which is significantly faster than bandwidth of the thermal system. The
step response performance is shown in Fig. 11. The steady-state
tracking performance shows average root mean square error (RSME) of

0.012 A across all reference set points. Fig. 12 shows the tracking
performance of the sinusoidal signal at frequency of 1, 50 and 200 Hz
providing RSME of 0.012, 0.018, and 0.0737 A, respectively. This
controller can regulate rectified AC input and outputs current with a
precision of less than 2 % over a bandwidth of 5 Hz. Hence, this con-
troller bandwidth of the electrical system is sufficient for the heater that
has slower bandwidth of less than 0.1 Hz.

Fig. 9. Closed loop frequency response of electrical system from experiment
and simulation.

Fig. 10. Tracking performance results from simulation, averaged model and
experiment.

Fig. 11. Step response of the controller.

Fig. 12. Sinusoidal response of the electrical system.
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4.2. H∞ controller design of the thermal system and its implementation

For temperature control design, we use similar design as for the
electrical system (4.1) to regulate the temperature of the heater. The
primary control design objectives are high precision temperature reg-
ulation, and robustness to external disturbances. The disturbances
mainly include the effects of heat conduction to the testbed, convection
to the air and noises from RTD. The weighting functions, W1, W2 and
W3, are designed as: = =+

+W W,s
s E1

0.0001 0.06283
6.283 6 2

=+
+

+
+W, .s

s
s

s
10( 20.94)

( 62.83) 3
20( 6.283e05)

( 1.257e04) The H∞ controller from a similar design as
for the electrical system is;

= + +
+ + +

K s s s
s s s e

0.00063272 ( 49.01) ( 0.467) ( 0.001164)
( 2.559) ( 0.3964) ( 6.283 06)

.T (8)

The sensitivity and complementary sensitivity transfer functions S
andT of the designed thermal system are shown in Fig. 13. The tracking
performance is characterized by the −20 dB crossover frequency of S
which is 0.1 rad/s (0.016 Hz). Similar to the electrical system design,
the peak of S is minimized so that it is robust to modelling uncertainties
at the operating condition. The roll off frequency of T is −40 dB at 20
rad/s (3.2 Hz) to attenuate the disturbance noise.

The closed loop transfer function of linearized thermal system at the
operating point is stable since all roots of the denominator in the closed
loop transfer function are located on the left half plane at
−0.095±0.067i, −0.12± 0.36i, −2195.14, −0.029, −0.085,
−2.81 and −2.91, respectively.

The complementary sensitivity transfer function of the the simula-
tion and the experimental data shown in Fig. 14 match quite well up to
2 rad/s. The −3 dB cut-off frequency is at 0.15 Hz. The tracking per-
formance of can be seen from the −20 dB crossover frequency of S
which is 0.016 Hz. The −3 dB cut-off frequency is 1.6 Hz.

The proposed controller is converted from continuous to discrete

time using bilinear transformation. The implementation of the robust
controller of the heater is implemented in RT with sampling time of 10
ms. The transient response from 648 K to 673 K temperature reference
is shown in Fig. 15. This robust controller in a proposed control fra-
mework shows that the temperature can be accurately regulated. The
steady state temperature of the proposed controller in the buck con-
verter circuit is found to be 672.9±0.03 K, 648.1± 0.03 K, and
697.9±0.02 K for reference temperature of 673 K, 648 K and 698 K
respectively. Since only steady state, and robustness to disturbances of
the temperature control are the main objectives in the study, the per-
formance of the transient response is not significant.

As shown in Fig. 15, the tracking of temperature away from the
operating point would deviate slightly as seen in the steady-state
tracking of 648 K. The temperature range of 20 K is suitable for ther-
moplastic forming application. Fig. 16 shows the tracking performance
of the sinusoidal signal at frequency of 0.01, 0.1 Hz. At 0.01 Hz, the
tracking performs well but the phase lag starts appearing when the
frequency is increased as seen in 0.1 Hz case. For out application this is
above the design specifications since only steady state temperature is
significant.

4.3. Stability of the closed loop system

The stability analysis of the combined closed loop system is ad-
dressed. Both closed loop systems are locally stable from the controller
design in 4.1 and 4.2. The stability of these two interconnected systems
can be analysed using singular perturbation addressed in Section 3.2.
The fast electrical system has bandwidth, E on the order of several

Fig. 13. S and T transfer function of thermal systems.

Fig. 14. Closed loop frequency response of thermal system from experiment
and simulation.

Fig. 15. Transient and steady-state performance comparison of the proposed
controller.

Fig. 16. Sinusoidal response of the thermal system.
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1000 rad/s. The slow thermal system has closed loop bandwidth, T on
the order of 0.1 rad/s. After obtaining the closed loop dynamics of both
slow and fast system, Lemma 2.2 from [19] can be applied under
condition of (3) and (4). T

E
< ×1.58 10 4 which is sufficiently small as

the assumption made in 3.2. This verifies that the separate tuning of
two robust controllers are feasible.

The proposed combined system can successfully convert rectified
AC electrical power to regulate the temperature of the heater. The input
and outputs current with a precision of 2 % over a bandwidth of 5 Hz.
The temperature control design achieves the required temperature
regulation at 673 K within 0.003 K at steady state. The proposed con-
troller regulates the temperature of BMG sample and ensure that the
viscosity of the BMG sample during thermoplastic drawing is within less
than 2 % [2,3] of the desired value during the process. More consistent
thermoplastic forming behaviour is seen in the process resulting in
blades with better edges. Our design with better tracking bandwidth
and accuracy enables techniques that are not possible previously; for
instance, it can improve the quality of the blades by maintaining
varying molding temperature along the drawing length of the blades. It
could also be used in thermal forming processes such as glass forming
and hot-wire cutting process [20].

5. Performance comparison with other controllers

The proposed controller is then compared with PID [3], and ARX
based fuzzy logic controller [4]. Fig. 17 shows the performance com-
parison between all 3 controllers tracking the reference temperature at
673 K over 300 s. PID controller tracks at 674.8±3.7 K and the ARX
based fuzzy logic controller tracks at 672.5±2.2 K. The proposed buck
converter circuit tracks at 672.9± 0.03 K. It is noted that the tracking
performance of proposed controller in is more than 5000 % better than
the performance of first 2 implemented controllers. This is due to the
addition of H∞ robust control and buck converter, which allow the
controller to be design over both linearized electrical and thermal
systems. The controlled current passing through the heater is also
continuous in nature making the heater to be highly efficient and ac-
curate.

The consistent temperature in the heating module of the testbed
would sustain the temperature of BMG sample better thereby producing
better quality blade edges. In addition, it requires a smaller number of
components to manufacture the circuit compared to TRIAC phase angle
control. The utilization of the AC and Buck converter helps reduce the
setup cost and complication of the DAQ that does not require zero
crossing detection from the optocoupler.

6. Conclusion

The new control architecture consisting of the design, identification,
simulation, and control of a buck converter is implemented for BMG
thermoplastic micro-forming is presented. Frequency-based system
identification is performed on both the buck converter and the heater
systems. A nested inner-current outer-temperature control system for
high-fidelity temperature regulation is constructed. The inner-current
control loop, which is implemented on a modified buck converter, al-
lows high-power rectified AC input and outputs current to be regulated.
The switch-averaged electrical model together with feedback linear-
ization is used to overcome nonlinear dynamics embed in the buck
converter. The required power input for the heater computed by slower
the outer-loop control is translated to the corresponding reference with
a bandwidth of over 1500 times faster than the thermal systems. This
enables us to design control law for each loop separately. The control
objectives of regulating the robustness to uncertainties and perfor-
mance of the controller are solved in an optimal control (H∞) frame-
work and implemented on the hardware. The following conclusions can
be drawn from this work:

1 The proposed electrical system control design regulates rectified AC
input and outputs current with a precision of 2 % over a bandwidth
of 5 Hz.

2 The set-up cost of this buck converter circuit system is relatively low
compared to other existing approaches.

3 The temperature control design achieves the required temperature
regulation at 673 K within 0.03 K at steady-state.

4 An improvement of over 5000 % is shown when compared with
previously implemented control designs.

5 By regulating the temperature of BMG sample and ensure that the
viscosity of the BMG sample during thermoplastic drawing is within
less than 2 % of the desired value during the process [2,3]. As a
result, more consistent thermoplastic forming behaviour can be
performed and manufacture good edge blades.
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