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Abstract: An approach for improving and maintaining consistent fusion quality of the deposited
material during FDM 3d-printing is proposed. This approach is based on the nozzle temperature
control during the printing process to adjust the polymer extrusion temperature with a speed and
accuracy adequate to the FDM process. High frequency induction heating of the lightweight nozzle
(<1 g) was used. To control the temperature of a lightweight nozzle, the resonant temperature
measurement method based on the analysis of the high frequency eddy currents is proposed. To
determine the parameters of the nozzle and the inductor as a plant, a FEM model of the inductive
heating of the nozzle and a simulated model of a serial-parallel resonant circuit containing inductor
were developed. Linearization of the automatic control system was performed to ensure the equal
quality of regulation when operating in a wide temperature range. The quality of regulation, stability
of the system, and coefficients of the PID controller were evaluated using a simulated model of the
control system. A number of test samples were printed from various materials, and tensile stress
testing was carried out. The developed control method reduces the nozzle temperature control error
from 20 to 0.2 °C and decreases control delay by more than six times.

Keywords: FDM; melt extrusion additive manufacturing; temperature control; lightweight nozzle;
automatic control system; induction heating; mathematical modeling; FEM; indirect temperature
measurement; resonance measurement

1. Introduction

Presently, additive manufacturing technologies are used in various high-tech indus-
tries. Additive methods for the production of prostheses and implants from biocompatible
polymeric materials are being actively researched and implemented. A large amount of
research in this area is devoted to the use of polyetheretherketone (PEEK), polycarbonate
(PC), polyamides, and other materials. The additive manufacturing of products from such
materials is largely associated with the extrusion type technology of fused deposition
modeling (FDM) or fused filament fabrication (FFF) [1-3]. The additive manufacturing
technology of products from thermoplastic material by using melt extrusion (FDM/FFF)
is among the most common [4]. The productivity of such (FDM) extruders is usually
10-100 g per hour.

One of the most important technological parameters of FDM process is the temperature
of the polymer and, hence, the temperature of the heated nozzle. Conventional extruders
(CE) do not provide the accuracy and speed required to precisely measure and control the
temperature of the nozzle, which leads to significant overheating and underheating of the
polymer material during the deposition process, and as a result the fusion quality of the
deposited material is not constant, resulting in the loss of geometric shape and thermal
deformation of the product, destruction of the product along the boundaries of the layers,
and the general deterioration of the mechanical properties of the product [3,5,6]. It is known
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from [5,7-11] that the extrusion temperature deviations from the optimum by 10 °C can
lead to a drop in the final physical and mechanical properties of the product by 5-10%
and more as the temperature deviation increases. The problem is becoming more serious
because such characteristics as the temperature, geometric, and mass characteristics of the
previously deposited volume of the product during the additive process are being changed.
At the state-of-the-art level, the change in heatsink conditions during the travel along
the path is partially compensated by changing the deposition speed (extruder movement
speed) of the entire layer or its parts. However, this method does not take into account the
relationship between the deposition speed and the polymer extrusion speed and, as a result,
the effect of the extrusion speed on the temperature of the extruded polymer. The quality
of fusion of the material beads thus depends on the relation between the temperature of the
extrudable material and the temperature of the underlying layers, as well as on the heat
dissipation conditions on the extruder path.

In the hot (heated, hot-end) part of the extruder (E3D V6, E3D Volcano, UK, DyzEnd
Pro, Canada), the polymer is melted and subsequent extrusion through the forming nozzle
hole. In this case, the heating of the nozzle to a temperature sufficient for melting the
polymer is carried out by means of direct heat transfer from a metal heater block, in which
the nozzle, the heating element, and the temperature sensor are installed.

The problems of FDM/FFF described earlier are caused by a number of disadvantages
of CE:

1.  Asymmetric location of the electrical resistance heater at a distance relative to the
nozzle leads to inequality of the thermal field of both the nozzle and the extrudable
material (up to 20 °C) [12,13];

2. Location of the temperature sensor at a distance from the mentioned heater and the
nozzle leads to an error in measuring the temperature of the nozzle and polymer in
10-20 °C [12-15] (without extrusion). With an increase in the extrusion speed to the
level of 30-40 mm/s, the accuracy of measuring the nozzle temperature decreases by
another ~10 °C[16], and the accuracy of measuring the polymer temperature decreases
to £30 °C [14-18] or more with a further increase in the extrusion speed [17];

3.  The large mass (from 20 g onwards) of the heater block and the low speed of the
thermistors and thermocouples used (response time of 100-140 ms, not ideal thermal
contact with the heater block) do not allow heating or cooling of the nozzle to adjust
the polymer temperature during the deposition process with a speed adequate to the
deposition speed when filling the layer.

There are a number of approaches for improving the consistency of quality of inter-
layer fusion in the FDM 3d-printing, including the following ones: the use of ultrasonic
treatment [19-24] during and after deposition, temperature control of the deposited layers
of the product during deposition [8,25-29], annealing of polymer products, the use of
mathematical modeling to adjust the printing parameters [30-35], and the use of statistical
methods to determine the optimal deposition mode [36—44].

To solve the described problems, the research team proposes an approach based on
the use of an induction heating method of a thin-walled lightweight nozzle to achieve
such dynamic characteristics of the heating and cooling processes of the nozzle, which will
provide the possibility of adjusting the temperature of the extrudable polymer at a speed
adequate to the deposition speed and a higher accuracy of temperature control due to the
use of a modified eddy currents resonance method for measuring temperature. The known
extruders [45-47] with induction heating have a large mass of the heated part (hot-end)
therefore do not have any distinct advantages in comparison to conventional ones mainly
due to the high delay of the temperature sensors used. Pyrometry is not used due to rapid
contamination and changes in the properties of the controlled surface of the nozzle or heater
during deposition [45,48]. Known methods of temperature measurement based on the
usage of the eddy currents resonance [49,50] provide a measurement speed higher than that
of the thermistors and thermocouples used, but do not allow to measure the temperature
simultaneously with heating by high frequency (HF) currents, and their accuracy decreases
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as the mass of the controlled product is getting lower. Excess temperature of the nozzle
may lead to both its permanent deformation and burnout of the polymer material. On
the other hand, a high cooling rate of the nozzle during material extrusion may lead to
disruption or termination of the extrusion process.

2. Materials and Methods

Known temperature automatic control systems (TACS) of the FDM process [51,52]
and related processes are, as a rule, closed-loop with temperature feedback and use of
known proportional-integral-derivative (PID) control laws. The team proposed an original
design of the nozzle and inductor (Figure 1). The non-contact nature of the induction
heating method made it possible to reduce the mass of the heated part (hot-end) to the
mass of a specially shaped nozzle itself with the overall value equal or less than 1 g. The
lack of fast temperature measurement methods for the lightweight nozzle was one of the
major technological drawbacks hindering the efficient using of induction heating in FDM
3D manufacturing. To control the temperature of a lightweight nozzle, the research team
proposes the amplitude-phase resonant temperature measurement method instead of the
known frequency methods, as well as the amplitude method previously proposed by the
research team [53]. The induction heating method provides the possibility of supplying a
significant peak power (more than 500 W against 50 W in a CE); the possibility of heating
the active zone with an arbitrary shape; the possibility of changing the heating parameters
by modifying the inductor. A special nozzle was made, as shown in Figure 1. The nozzle
material was ferromagnetic alloy AISI420 with a Curie temperature of about 1000 °C. Axial
symmetry of the proposed inductor and nozzle provides greater uniformity of heating of
polymer inside the nozzle.
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Figure 1. The developed extruder: (a) external appearance of the hot-end; (b) nozzle of a special
shape; (c) nozzle section: (1) forming hole; (2) active zone; (3) heat break; (4) fasteners to the heatsink.

Figure 2 contains the block diagram of the nozzle TACS. In the installation for FDM
containing the inductor L; (1) and the nozzle (2), using the HF generator (3), the temperature
of the nozzle (2) is controlled, which affects the properties of the material of the nozzle
(2) and leads to a change in the phase and amplitude characteristics of the current I of
the inductor L (1) circuit. The inductor L; (1) is supplemented by a measuring coil L3
(4), where, as a result of transformation, a useful signal is generated and then fed through
the measuring circuit to the signal registration and processing unit (5), where the actual
temperature of the nozzle T is determined. Temperature readings are transmitted to the
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PID controller (6), where the error signal is determined relative to the setpoint value of Ts
and a new input stimulus (phase shift ) is formed for the HF generator (3).

% Tset

|

v

Figure 2. Block diagram of the nozzle TACS: (1) inductor; (2) nozzle; (3) HF generator; (4) measuring
coil; (5) signal registration and processing unit; (6) PID controller.

A testbed system was designed, which comprises laboratory power supplies with
Vo =24V, Imax = 30 A, a DRV8302-based power controller, a HF voltage source inverter us-
ing power MOSFETs, and a Control Board based on an ARM-microcontroller STM32F334R8
by STMicroelectronics. The inductive load was extended to the inductor-capacitor-inductor
(LCL) series-parallel resonant circuit by adding a capacitive device C; in parallel with
the inductor L and inductive device L, in series with the parallel resonant circuit L;C;.
Component values in the LCL resonant circuit were converted to fit the predetermined
operating frequency of f = 115 kHz. The inductor winding of a specified diameter and
height was formed with 17 turns of copper HF litz wire (d = 0.75 mm, 2 layers). The LCL
resonant circuit was supplied by a HF full-bridge inverter (Figure 3), which is controlled
using phase-shift modulation (PSM) method [54,55]. Using PSM transistors, located on
the one bridge leg, operate with a 50% duty cycle and a phase shift of 180° relative to each
other. The voltage between transistors of the same diagonal takes the value of either zero or
the voltage of the power source V(. The duration of the intervals during which the voltage
at the output of the HF generator is equal to zero depends on the phase shift x between the
pairs of transistors located on the left and right bridge legs. The transistors are controlled
by the microcontroller which generates two direct control signals Q; and Q, for the upper
transistors, and two inverse signals Q3 and Qy for the lower transistors. A measuring circuit
was developed (Figure 3), containing a measuring coil L3, which is inductively coupled
to the inductor L; and electrically isolated from it, a current-limiting resistor Ry, a level
limiter assembled on diodes D5 and Dy, an integrated operational amplifier INA240 [56],
Ro-Ry7 resistors, Req—ohmic resistivity of the load (inductor L; with a nozzle) and Dy,
D;, D3, Dy—intrinsic antiparallel diodes. Measuring coil L3, was wound with 17 turns
of copper wire with dz = 0.35 mm in two layers. The output of the measuring circuit is
connected to the analog input of the microcontroller, where the results of measurements of
the nozzle temperature are processed. Nozzle resistance of 0.98 () was measured by placing
a lightweight nozzle in an inductor and then measuring the resistance of the inductor
circuit in an unloaded (no nozzle) and then loaded state at a frequency of 100 kHz using an
RLC meter.
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Figure 3. Functional diagram of the HF generator and measuring circuit.

The calibration of temperature readings was carried out using control equipment,
consisting of a two-channel temperature meter UT-325 with K and | type thermocouples, as
well as a reference device on platinum resistors. Modeling of electrical circuits was carried
out with the Multisim software package.

To determine the TACS parameters in the process of FDM, it is necessary to identify
an inductor and a lightweight nozzle as a plant with their subsequent integration into the
simulated model of a TACS in the Simulink application of the MATLAB package.

3. Results and Discussion
3.1. FEM Modelling of HF Induction Heating of the Nozzle during Extrusion of a Thermoplastic

In order to determine the plant (heating nozzle, multilayer inductor coil, heatsink)
parameters, a FEM mathematical model connecting the thermal and electromagnetic pro-
cesses of inductive heating of the nozzle during extrusion of the thermoplastic material
was developed. The numerical implementation of the formed mathematical model was
carried out using the applied software package ComsolMultiphysics. The modelled ge-
ometry is shown in Figure 4 and contains the following elements: inductor (Figure 4a),
magnetic flux concentrator made of supermalloy 79NM tape (Figure 4b), an aluminum
cylindrical heatsink (Figure 4c), a nozzle (Figure 4d), thermoplastic material (polyamide
PA 6) (Figure 4e). The design of the plant made it possible to consider the model in a
two-dimensional axisymmetric formulation and use the cylindrical coordinate system r0z.

L Boundary conditions
=== N2]=» =N22 —N23 — —N24

I

28

26 d

247

227
20

18]

axial symmetry

5 70 mm

Figure 4. Modelled geometry: (a) inductor; (b) magnetic flux concentrator; (c) a heatsink; (d) a nozzle;
(e) thermoplastic material.

At any specific time, a sinusoidal current I of a given value flows in the winding
of the inductor. To describe electromagnetic processes, a system of differential equa-
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tions with respect to the magnetic vector potential [57], which has a single component
Ay A= (0,Ay,0), was used, where the magnetic flux density B = V x A.

In order for A to be completely determined when solving problems in an alternating
electromagnetic field, the Lorentz gauge is applied (1):

VA+%u¢%%:O )

For the domains (d) and (c), occupied with nozzle and heatsink (2):
jwoA +V x (uo_lu_lv ><A) =0; 2)

including i-th turn of inductor winding (a) (3):

. _ _ I+ [ jwoAgpdS;
1,,—1 _ ol L S;
jwoA +V x (“0 TV, ><A) = Ul—iof% s 3)

2mtr’
; u.
I= fS,' ]¢d5, Jop = —jwoAy + c2y7tr’

occupied by the magnetic flux concentrator (b) in a similar manner to (3) when I = 0. For
the outer air and thermoplastic material (e) (4):

VXng*VXA):Q )

where o is the electrical conductivity of the material; w is the angular frequency; j is the
imaginary unit; g and pg are electric and magnetic constants; € and p are relative dielectric
and magnetic permeability of the medium; @ is the electric scalar potential; J4, is the
current density in the inductor; | is the current density induced in the nozzle volume; r is
the radial coordinate; S; is the cross-sectional area of the i-th turn of the inductor winding;
U, is the potential difference applied to the i-th turn of the inductor winding; I is the electric
current (setpoint) flowing in the turns of the inductor winding. At the boundaries of the
computational domain (100 x 100 mm) the condition of magnetic isolation is accepted:
A = 0. On the axis 0z of symmetry, the following condition is accepted: %—‘3 = 0, where n is
the normal vector on the boundary; t is the time. At boundary (Ne4), the polymer is fed into
the nozzle.

The non-stationary thermal process in the nozzle area (d), thermoplastic (e), and
heatsink (c) is described by the heat transfer Equation (5):

aT
pCpg +pCpoVT — V(AVT) =g, 5)

where p, Cp, and A denote the density, specific heat capacity, and thermal conductivity of
the relevant materials; v is the speed equal to zero for all domains except thermoplastic
(e). The ratio of extrusion speed V. to thermoplastic velocity in the nozzle channel Vyis

close to Vo = Vf(Dn / dn)2, where D,, is the diameter of the inner channel of the nozzle
equal to 2 mm, d, is the nozzle forming hole diameter is 0.4 mm. In this context Vy usually
takes the values from 0.5-5 mm per sec and it is determined by the feeder. Heat dissipation
during the flow of a viscous liquid is ignored, since it is several orders less than the heat
supplied from the heated nozzle [58-60]. Moreover, it is known from [61] that until the
thermoplastic reaches the nozzle output, its melting occurs mainly at the boundary with
the channel walls. Then, when assessing the influence of the polymer velocity through the
nozzle channel on the temperature of the nozzle, the polymer was considered as a solid
body, regardless of its temperature. The conditions of constant consumption (6) were set:

V-v=0. (6)
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where g is the specific capacity of the volume heat source. Heat is generated due to the flow
of HF currents g, and magnetic hysteresis losses g, (7):

1B 1,5 « 1 .
9= qr+4qm Gr =55 = 5w 0(A¢A¢), Gm = ERe(]wBH*). (7)

On the boundary (Ne1) corresponding to the surface of the nozzle, the conditions of
radiation and convection (8) were set:

- )\a%T = €70y (T4 - Tél) + k(T —To), 8)
where oy, is the Stefan—Boltzmann constant. The surface emissivity of stainless steel
(AISI420) was taken equal to e = 0.2. The heat transfer coefficient of steel and aluminum
to air was taken equal to k = 20 W/(m?-K). The ambient temperature was taken equal to T
=20 °C on the boundary (N¢2) in a similar way to (Ne1) without radiation. On the boundary
(Ne3) conditions of the thermal insulation are the following: — % = 0. On the boundary

(Ne4) for the polymeric material, the following Equation (9) was set:

AT
pCpo(T — Tp) = “on )

On the axis of symmetry: %—Z = 0. The initial data: Ag|,_, =0, T|,_y = To. The data
for modeling are given in the Table 1.

Table 1. Initial model data.

Material o, kg~m‘3 o, Sm/m n € Cy, J kg 11 A, Wm1.K1
Steel AISI420 7650 1.02-107 1500 1 482 25
Copper 8700 5.998-107 1 1 385 400
Supermalloy 79NM 8600 0.001 20,000 45 1369 1.2
Polyamide PA 6 1050 0.001 1 4 2000 0.33
Aluminium alloy 2800 3.774-107 1 1 920 130

3.2. Numerical Implementation of the Coupled Model of Induction Heating of the Nozzle during
Extrusion of a Thermoplastic

Here and below in Section 2, for measuring the temperature of a lightweight nozzle
during the experiments, we used the previously mentioned UT-325 temperature meter with
a K-type thermocouple soldered to the nozzle surface at a height of z = 8.5 mm (half the
height of the active zone of the nozzle, i.e., half the distance from the tip to the heat break).
During the numerical simulation, an ideal contact probe was used in the same position.

In the work of [53], the comparison speed results of the temperature change of a
lightweight nozzle and CE were presented. The results of experiments and numerical
simulation of the cooling process at different polymer extrusion speeds showed that the
temperature change rate of the lightweight nozzle is about six times higher than that of the
heated part (hot-end) of the CE and increases with the extrusion speed rising. Due to the
high thermal inertia of the heated part of the CE, the sensor is not sensitive to changes in
the extrusion speed.

As a result of solving the thermal part of the parametric task, a frequency range that
satisfies the requirements of high-speed heating was determined. The corresponding task
with a variable parameter, the frequency f of the current I, was numerically solved for
t = 4 s, the frequency range from 10 to 160 kHz with a step of 10 kHz. The simulation
results showed that the heating rate rises with increasing frequency, but at the same time,
an increase of inequality in heating over the nozzle surface along the Z axis is observed.
Using of the modified inductor shape results in the increase of the heating uniformity in
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the active zone of the nozzle along the Z axis from £35 °C to =13 °C. By the fourth second
of operation of the modified inductor (Figure 5) at the selected frequency f = 115 kHz and a
current of 15 A, the nozzle heats up to 250 °C.

' R 20| ™~ =115 kIlz time = 4 5
118 \\

. t16

F14

F12

F10

Q/ 2
mm % "40 60 80 100 120 140 160 180 200 220 240
:

10 5 r=0 Temperature, °C

Figure 5. Nozzle temperature distribution with a modified inductor for f = 115 kHz, t =4 s, in the
nozzle section ¥ = 1.1 mm.

Figure 6 shows the experimental and numerically simulated curves of the nozzle
cooling when system is operating in its open-loop mode at a set power level of 5% (in % of
the maximum power consumed by the inductor) after the nozzle heating at V,y; = 0 mm/s
to the stabilization temperature (calculated 306 °C, observed 287 °C) and the beginning of
polymer extrusion at Vi, = 10 and 20 mm/s. The deviation of the simulation results from
the observed temperature readings ranged from 5% to 8%.

g

N
o
o

5 N
s 3

Temperature, °C
N
2

250

240
0 50 100 150 200 ts

— FEM model - extrusion speed 10 mm/s —FEM model - extrusion speed 20 mm/s
--= Experimental - extrusion speed 10 mm/s --- Experimental - extrusion speed 20 mm/s

Figure 6. Experimental and numerically simulated curves of nozzle cooling during operation at a set
source power after the beginning of extrusion.

Under heating conditions similar to Figure 5, the influence of the extrusion speed on
the control gain and the time constant of the plant was numerically studied. The simulation
results showed that an increase in V. leads to a decrease in the nozzle stabilization
temperature. Modeling based on the data presented in Figure 7 shows that in order to
maintain the steady-state nozzle temperature of 306 °C while extrusion speed V,y; increases
from 0 to 100 mm/s, inductor circuit current should be increased 1.45 times, which results
in the rise of the power consumed by the inductor by the factor of 2.1. When increasing
Vext from 0 to 40 mm/s, inductor current should be increased by 1.19 times with the
corresponding increase of the power consumed by the inductor by the factor of 1.42. A
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decrease of the plant gain with an increase of the extrusion speed is also accompanied by a
decrease of the plant time constant (by a factor of 3 with an increase in Vey; from 0 to 100
mm/s and by a factor of 2 with an increase in Ve from 0 to 40 mm/s). With an increase
of the extrusion speed, the ratio of the speed of change of the plant gain to the speed of
change of the plant time constant remains and is approximately equal to 0.7, which is
important when evaluating the effect of the disturbance signal (removal of heat from the
nozzle during extrusion of the polymer) on the quality of control in the closed-loop TACS
of the nozzle.

300
280
260
240
220
200
180
160
140
120 — Extrusion speed = 0 mm/s
100¢ — Extrusion speed = 10 mm/s
80r — Extrusion speed =20 mm/s
60r
40
20k . .
0 50 100 . 150 200
Time, s

Temperature,°C

~— Extrusion speed = 40 mm/s

— Extrusion speed = 100 mm/s

Figure 7. Numerically simulated heating curves of the nozzle at a set source power level of 5% in an
open-loop system for various Vy;.

The temperature sensors used in CE do not provide the measurement speed necessary
for adequate temperature control of the lightweight nozzle. The used standard software
RepRapFirmware and others have internal limitations, one of which is the minimum
discrete time of the PID controller of 1 s.

3.3. Phase-Amplitude Resonant Measurement Method

Indirect temperature measurement by the proposed method is carried out due to the
joint analysis of the phase and amplitude characteristics of the inductor current during the
HF induction heating of the nozzle. This ensures the measurement of temperature in the
layers of the nozzle material involved in the flow of HF current, i.e., the measurement is
made close to the polymer.

In order to implement the method, an LCL topology circuit was developed (Figure 8),
the component values of which were selected using simulation modeling in the Multisim
package so that the selected operating frequency (f = 115 kHz) was close to the L,C; voltage
resonance frequency f, = 116.2 kHz, at which the active nature of the load (inductor L;
with the nozzle) is provided. The topology ensures that the voltage at the output of the
HF generator and on the inductor L; is independent of the load characteristics due to its
inclusion in a parallel resonant circuit L;C;y. The topology almost completely eliminates
the influence of the circuit stray parameters on the characteristics of the current I of the
inductor L1 by connecting the L1C; circuit to the HF generator through the series elements
L2 and Cz.

During the process of the nozzle temperature changing, a change in the electrical
resistivity and relative magnetic permeability of the nozzle material occurs, which leads to
a change in the ohmic resistivity and inductance of the inductor L; circuit, which causes a
change in the resonant frequency f, and its deviation from the frequency f, which leads to a
change in the amplitude and phase characteristics of the inductor L current I.
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Figure 8. Simulated model of a serial-parallel resonant circuit of the LCL topology in the Multi-
sim environment.

Figure 8 demonstrates V; and V; that are switching power supplies operating with
a phase shift of 180° relative to each other, the voltage of which varies from zero to 24 V
(voltage Vy of the HF generator).

Resistors R';, R'3, R'4, R'5 are parasitic resistances. R'; is the nozzle resistance. The
results of the topology study in the frequency domain demonstrate the current resonance
frequency ft = 113.5 kHz as well as the voltage resonance frequency f, = 116.2 kHz. The
following values of the resonant circuit, which provide the voltage resonance at a frequency
of 116.2 kHz: L1 =7.8 uH, L, = 9.62 uH, C; = 450 nF were obtained. In this case, C,>>Cj.

A study in the phase-frequency domain showed that when operating at a frequency
fo in the L,C; circuit, the voltage at the output of the HF generator is in-phase with the
current [ of the inductor L1, which is also confirmed in [62].

Phase frequency response (PFR) has a form close to linear in the range of about —30 to
+30° (in the frequency range f;1...fro about ~7 kHz). In this range, it is possible to measure
temperature based on phase shift changes without significant loss of accuracy. Figure 9
shows the phase response of the inductor L current I, demonstrating an approximate
change in the phase shift ¢ when the frequency f, deviates from the operating frequency f
as a result of heating or cooling the nozzle relative to the reference temperature T, = 250 °C.
Under the condition T = T, voltage resonance f, = f occurs. The load acquires the desired
inductive character (f > f,) when the temperature is above 250 °C.

T

_30 -

v0d 5
) (+750°C |
" 1 \+500°C
g : !
& : +250°C
ﬁ O ‘ 1 1
¥ L LB
= | +IQO°C
| 195°C

1
- 1
ot : T2
Figure 9. Controlled section of the PFR of the inductor L; circuit.

It is known from [62], that resonance frequency f, and resonance frequency f, defined

as follows (10):
1 1

’ v = : 10
VGiLy 4 V(CiLiLo)/ (L1 + Ly) o

fr=
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Using the PSM method when controlling a full-bridge invertor topology loaded with
an LCL circuit and operating on the f, frequency provides the moment when the current
I of the inductor L; passes through zero with an active load (f = f,) at the moment O,
corresponding to half the phase shift x between the switching moments of the left and the
right pair of transistors, that is, in the middle (O = x/2) between the front edges of the
control signals Q7 and Q, (or Q3 and Q4). A change in the temperature of the nozzle leads
to the fact that the moment when the current I passes through zero is shifted relative to the
moment O.

Due to the active nature of the L3DsDgR; series circuit, the induced EMF in the L3 coil
and the voltage (useful signal Ut) on the limiter diode DsDg are in phase with the current .
The useful signal Ut is amplified and shifted to the positive area by introducing a constant
offset into the signal, and then subjected to analog-to-digital conversion. Changes in Ut at
the input of the operational amplifier from —8.25 to 8.25 mV are registered.

The moments of activation of the analog-to-digital converter (ADC) are synchronized
(Figure 10) with the control signals Q; and Q; (with the moments of switching transistors)
using a common clock source K. Then, each period of the current I of the inductor the
moment O = x/2 is determined, after which using the ADC, a pair of successive measure-
ments is made with a time shift n before and after the moment O (measurement a at the
moment O-n, measurement b at the moment O+n), then the constant offset of the useful
signal is eliminated, after which the successive measurements a and b are summed. The
sum of measurements a and b characterizes the phase shift ¢ between the current signal of
the inductor circuit and the voltage signal at the output of the HF generator, as well as the
signal Ut amplitude. The sum is interpreted in terms of the generalized parameter (), that
is measured in millivolts.

L

Ql —

:
1
Qz—l E
1
1
1

i k T\ .

K gy n —
; a—

Figure 10. Timings for measurements of useful signal a and b at times O-n and O+n.

As in our previous paper [53], the oversampling and averaging method [63,64] as well
as the exponential moving average filter were used to improve the measurement accuracy.
The soft switching of transistors, which is ensured when the developed device operates
at a frequency f > f,, which is known from [54,62,65], also contributes to the transistor
switching noise abatement.

To convert the measured values () into the nozzle temperature T, there were used
the regression model created in [53] for the amplitude method. This turned out to be
possible due to the fact that information about the magnitude of the phase change can be
obtained with two specific measurements of the signal amplitude and linear interpolation
of the results.

Calibration process of the temperature readings was performed in a closed-loop nozzle
temperature control system at V,y; = 0 mm/s during several sequential experiment. The
measurements were made when the system reached a setpoint value of T within the
range from 50 to 500 °C in 2 stages, i.e., with a K-type open-package thermocouple located
inside the nozzle at a height of 90%, 50% (z = 8.5 mm), 10% of the lower nozzle section,
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as well as outside the nozzle by soldering a thermocouple to its surface. The calibration
results for Ts.; = 250 °C are presented in Table 2.

Table 2. The results of the calibration process of the temperature readings.

Value Fluctuations (10

Setpoint T, Steady-State (after Consecutive Measurements Setthn.g T11?1e Max
o 30 s, Averaged . after Disabling Overshoot,
C E after 30 s, in 5 s Intervals, No 5
over 5s), °C . o Heater, s C
Averaging), °C
Developed method 249.5 249.4-249.6 0.32 0.9
Thermocouple
inside, 10% 236.3 236.2-236.3 12.8 26
Thermocouple 250
inside, 50% 250.1 250.0-250.2 6.3 11
(reference)
Thermocouple
inside, 90% 2214 221.3-221.6 18.5 38
Thermocouple on
the surface, 10% 2354 235.3-235.5 32 6
Thermocouple on
the surface, 50% 250.0 249.9-250.1 2.5 4
Thermocouple on 216.5 216.4-216.7 438 8

the surface, 90%

The results of the experiment indicate a higher inertia of measurements carried out by
the thermocouple method for all cases. During measurements, the output of the system
responding to a setpoint value of Ts,; was estimated based on the previously obtained
results for measuring the temperature with the internal location of the thermocouple at
a height of 50% (reference temperature), since the thermocouple is a single point sensor
and its location at a distance from the most heated point affects the measurement result
and overshoot.

The developed method excludes time delays associated with the thermal conductivity
of the nozzle or sensor material, non-optimal location of the sensor. Measurement time con-
sists of the ADC conversion delay (0.2 pus [66]), need to wait for the zero-crossing moment
of time (delay inversely proportional to the heating frequency f), and the oversampling
delay (which depends on the target output resolution). In general, this delay ranges from
10 ps (for ADC resolution of 12 bits, which corresponds to a temperature resolution of 8 °C)
to 100 ms with an increase in ADC resolution to 20 bits (corresponding to a temperature
resolution of 0.05 °C). The results of the experiments demonstrate the accuracy of mea-
suring the nozzle temperature by the developed method of +3 °C at a measurement time
of 100 us and £0.2 °C at a measurement time of 20 ms (output resolution of the ADC is
17 bits) in the temperature range from 50 to 500 °C.

3.4. Development of a Method for Controlling the Temperature of the Lightweight Nozzle

The shape of the heating curve of the nozzle in an open-loop system with a step input
on the plant could be treated to a first order plant [67]. When developing the ACS, the
nozzle temperature was assumed to be V,y; = 0 mm/s, except for the subsection devoted
to assessing the effect of a disturbance signal on the quality of control. The experimental
value of the time constant T according to the plant response to a step input was 12 s.

The gain ky of the plant was determined as the ratio of the process value (output,
nozzle actual temperature T) to the stimulus (phase shift x) in the open-loop TACS during
heating at a frequency f = 115 kHz. In a closed-loop ACS, during the control process, any
value of the nozzle temperature can correspond to any value of the power consumed by
the inductor, i.e., phase shift x.

Thus, the plant gains were calculated for the entire range of phase shift values x.
For this purpose, there was used the developed model of eddy currents heating of the
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lightweight nozzle, where the input value is the current I, and the output is the temperature
T of the nozzle. The values of the current I of the inductor L; for the entire range of phase
shift x values were determined using the simulated model of the LCL circuit in the Multisim
package, the input value for which is the voltage of the sources V; and V, the values of
which are proportional values of the phase shift x.

The closed-loop TACS of the nozzle in a first approximation was considered as linear.
A classic PID controller was used. As a setpoint, the specified value of the temperature Ts,;
of the nozzle is taken, and the actual temperature of the nozzle T is taken as the process
value (output). The stimulus, i.e., the output of the PID controller, is the normalized phase
shift x. The transfer function of the plant Wp(s) is expressed through the Formula (11):

ko

= 11
W) = s b
e(t) is the magnitude error between setpoint value of Ts; and feedback signal (mea-
sured nozzle temperature T).

Time-discrete PID controller transfer function (12):

Go-Z>+q1- 2+ 2

W = 12
R(Z) Z(Z — 1) ’ ( )
2k, kd
where g —kp+ Toq = —kp+ki-Tyg— 7t 2=
Where T, is the discrete time of the control dev1ce Then one can obtain (13):
ki-Ty  kyj(z—1
Wr(z) = kp + 2 4 alz—1) (13)

z—1 Ty-z '

Wp(s) is the transfer function of the measuring device, which introduces pure time
delay (14):
Wp(s) =e %, (14)

where T is the time delay equal to the time spent on registration and processing of the
feedback signal (T = 20 ms for 17-bit target resolution of the oversampled output). The
discrete time for the PID controller is assumed as follows T,; = 20 ms.

Modeling the operation of a discrete control system in the Simulink application of
the Matlab package made it possible to determine the coefficients of the PID controller, to
evaluate the quality of regulation when operating over the entire operating temperature
range of the nozzle (Ts. = 260, 440 and 750 °C).

Table 3 shows the results of an experiment on temperature control by linear ACS with
PID controllers optimized for the selected values of Ts,;.

Table 3. The results of the experiment devoted to the temperature control of the nozzle in a wide
range for linear ACS with classical PID controller.

PID Controller Optimized for PID Controller Optimized for PID Controller Optimized for
260 °C 440 °C 750 °C
Setpoint, °C M M Y
ax . . ax . . ax . .
Overshoot, % Settling Time, s Overshoot, % Settling Time, s Overshoot, % Settling Time, s
260 0.9 3.8 5 3.3 8 4.8
440 15 7.2 1.1 42 55 5.8
750 2.3 9.6 0.7 6.6 0.4 7.1

The experiment showed that with such approximation, the use of a classical PID
controller leads to significant deviation of the transient response parameters from the
estimated ones: the maximum settling time is 9.6 s, the maximum overshoot is 8% vs. the
estimated parameters of 3 s and 1%, respectively, for all selected Ts,;.
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Before proceeding to the reasons for these deviations, it is also worth paying attention
to assessing the influence of the polymer material extrusion speed on the quality of control.
For this, there were used the results presented in Section 2 in Figure 7. The results show the
decrease in kg and T of the plant as V,y increases. For a linear ACS with a PID controller
optimized for Tyt = 260 °C, the coefficients k), k;, k; are equal to 0.034, 0.0115 1/s, and
0.0017 s, respectively, and ko = 1181. Extreme cases at V,y; = 40 and 100 mm/s, for which
there is a decrease in the gain of the plant by 1.4 and 2 times, and the time constant by
2 and 3 times, respectively were considered. Simulation results with the same k), k;, k; and
substitution of values for 40 mm/s (kg = 843, T{ = 6 s) and for 100 mm/s (kg =590, T1 =4 s)
into the linear ACS model demonstrate reduction of overshoot and settling time with an
increase in extrusion speed. At Ve =40 mm/s, the settling time is 2.4 s, and the overshoot
is 2.7%; 1.6 s and 1.1% at V,y = 100 mm/s, respectively. Thus, increasing the extrusion
speed has a positive effect on the quality of nozzle temperature control.

The non-linear nature of the dependence of the power consumed by the inductor on
the phase shift x was established, and then its linearization was carried out. The concept
of the power level of the HF generator from 0% to 100% is introduced, on which the
power consumed by the inductor depends linearly, and the phase shift x has a quadratic
dependence (with this approximation R? = 0.999).

The results of linearization and estimated steady-state temperatures in an open-loop
system for some values of the phase shift x are shown in Table 4.

Table 4. Stimulus variables and estimated steady-state temperatures of the nozzle.

Estimated Estimated
Power Level of . o Power Consumed by  Source Voltage V; Steady-State
HF Generator, % Phase Shift x, the Inductor, W and V,, V Currents I of the Temperatures of
Inductor, A o
the Nozzle T, °C
1 18 3.3 24 2.6 59
10 56 322 7.5 8.1 548
20 80 65.2 10.66 11.5 1086
30 98 97 13 14 1608
100 180 331 24 26 5549

In order to ensure constant control quality over the entire operating temperature range
of the nozzle, the control system was linearized. It was found that the dependence of the
nozzle temperature on the power consumed (and hence on the power level) by the inductor
is close to linear. Then, a change in the power level by 1% corresponds to a change in the
nozzle temperature by about 55 °C. Using the obtained relation, the temperature error e(t)
is converted into a normalized power level at the input of the classical PID controller, which
forms a new stimulus. On the basis of the microcontroller, the new stimulus is further
converted into a phase shift x by the method of piecewise linear interpolation.

The plant gain was defined as the ratio of the steady-state nozzle temperature to the
normalized power level at the output of the PID controller: ky = 5500. The block diagram
of the linearized TACS is shown in Figure 11. The block that reflects the conversion of the
temperature error into the normalized power level is an instantaneous element Wy (s) = ki,
where k; = 1/5500.

Tser e() W‘,r(_g) [, WR(Z) L WP("} ] >

Wn(s) |q

Figure 11. Block diagram of a linearized TACS.
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To simulate a real control system, limits on the PID controller output were introduced.
To solve the problem of an integral windup caused by introducing such limits, a clamping
algorithm was used [68].

Simulation of a discrete control system operation in the Simulink application of the
Matlab package made it possible to evaluate the quality of regulation. The coefficients ky, k;
and k; of the PID controller after calculation were 41.25,13.76 1/s, 2.13 s, respectively.

Figure 12 shows the experimental and estimated transient responses in a closed-loop
ACS at setpoints of 110, 260, 440, 600, and 750 °C. The simulation results show the settling
time from 1.5 to 2.5 s, and the maximum overshoot is from 0.5 to 2%, the steady-state error
is 0. The stability of a closed-loop ACS is shown. The phase margin is 93.9°, the gain margin
is 13.6 dB. The results of experiments with similar setpoints demonstrate a deviation from
the simulation data within 1% in terms of overshoot and 0.2 s in terms of settling time.

750 Ssa tasae $tetaisatiasasarecas e T = 750 OC
700 //"‘"
650

600
550
500
450
400
350
300
250
200
150
100
50
0
-50

Tset = 600 °C

Tser =440 °C

Temperature, °C

Tset =260 °C

Tset =110 °C

* ¢ » « Experimental
Simulated model

0 i 2 3 4 5
Time, s

Figure 12. Experimental and estimated transient response of a closed-loop ACS for 110, 260, 440, 600
and 750 °C setpoints.

3.5. Experimental Verification of the Proposed Control Method

The device that implements the developed method of temperature control was inte-
grated into an FDM-printer. To test the performance of the developed method, a number of
test samples were made from materials, such as polyamide PA 6, PC, and PEEK. Tensile
stress test was carried out in accordance with the requirements of State All-Union stan-
dard 11262-2017 [69], according to which test samples (type 1) were made with overall
dimensions: 115 x 25 x 2 mm. The test samples were printed with a software-specified
100% filling of the internal volume, with the printing parameters presented in Table 5. The
external appearance of some test samples after testing is shown in Figure 13.

Table 5. FDM 3d-printing process parameters.

) Nozzle Bed Raster Angle/No. Deposition Nozzle Layer
Material Temperature, Temperature, Speed, mm/s Diameter, Thickness,
°C °C —45°; 45° 0°: 90° mm mm
250 1 2
PA 6 260 130 3 4 40
240 1 2
PC 550 120 3 . 40 0.6 0.2
440 1 2
PEEK 450 140 3 4 25
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(b)

(c)

Figure 13. External appearance of test specimens after tensile testing: (a) PA 6; (b) PC; (c) PEEK.

The tests were carried out using an Instron 5882 testing machine with a non-contacting
video extensometer Instron Ave at the ambient temperature of 24 °C, 50% humidity at the
speed of 2 mm/min. From each material, 4 samples were made, differing in the attitude of
the layers (the angle of filling the internal volume), as well as the extrusion temperature.
Tensile stress test results are presented in Table 6. Figure 14 shows the stress-strain behavior
for the deposited samples under tensile stress.

Table 6. Tensile stress test results.

Material No. Tensile Strength, MPa Elongation at Maximum Tensile Stress, %

1 48.37 17.1

2 42.42 14.5

PA6 3 4595 133
4 44.73 13.5

1 68.13 57

2 68.48 6.2

PC 3 64.94 6.1
4 65.24 5.6

1 89.91 4.7

2 80.72 4.3

PEEK 3 77.34 44
4 71.56 49

The test results show that tensile strength values are not lower than those known from
the literature. At the same time, for samples made of PLA, ABS, PC, and PA 6, an increase
in tensile strength up to 20% is observed at strain values comparable with those known
from the literature. The test results for PLA and ABS samples, as well as the results of
optical microscopy of the fracture surface of these specimens, are presented in our previous
article [53].

A comparison was made with the results of studies in which the printing parameters
were used similar to those given in Table 5 and some approaches to improving printing
quality described in the introduction were used. For example, in [8,40,41,70-72], the results
are presented for samples made from ABS, in [8,42—44,73] for PLA, for PA 6 in [10,74], and
for PC in [72,75,76]. To raise efficiency when operating with PEEK, additional research and
optimization of printing parameters are required, considering the results, recommendations,
and conclusions contained in the literature [5,11,77].
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Figure 14. Tensile stress-strain curves: (a) PA 6; (b) PC; (c) PEEK.

4. Conclusions

The method developed for controlling the temperature of a nozzle heated by HF
currents, using the proposed phase-amplitude resonant measurement method, made it
possible to ensure a constant quality of regulation in the accessible range of operating
temperature of the nozzle, to reduce the nozzle temperature control error from 20 to 0.2 °C,
as well as to decrease the control delay by more than six times. Thus, high accuracy and
speed of nozzle temperature control were provided to achieve the low-delay response
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needed to precisely control the extruded material temperature invariant to toolhead speed.
This allows to successfully print objects with the complex geometries (with the need to
manipulate extrusion speed while maintaining the constant extrusion temperature when
printing smaller elements, overhangs, outer shell, and bridges) and/or getting successful
prints when using high-grade temperature-dependent materials such as PEEK.

Due to the application of the developed method for controlling the temperature of
the nozzle and the results of numerical studies of the temperature fields of the deposited
layers of the product, for the first time, it will be possible for FDM technology to control
the thermal cycle of the FDM process, which will improve the quality of interlayer fusion.
Moreover, it will be possible to achieve a more equal distribution of retained stress and
reduce mechanical deformations introduced by non-uniform heat shrinkage.
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