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Abstract

:

Featured Application


The presented results can be applied in designing impulse transformers and switch-mode power supplies.




Abstract


This article proposes a new form of compact electrothermal model of impulse transformers. The proposed model is dedicated for use with SPICE and it is formulated in the network form. It simultaneously takes into account electrical, thermal, and magnetic phenomena occurring in the considered device. Nonlinearity of the core magnetization characteristics and nonlinearity of the heat transfer efficiency are taken into account in this model. The form of the proposed model is shown. Equations of the presented model are given. Experimental verification of the proposed model is performed for selected impulse transformers. Selected results of the performed investigations are presented.
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1. Introduction


Impulse transformers are commonly used in many applications, for example in switch-mode power converters [1,2,3,4,5]. Such converters require considered components operating at frequency ranging from several to several hundred kilohertz [4,6]. The considered transformers contain two components: a core made of any ferromagnetic material and windings (at least two) made of conductive material [1,3,4].



During the operation of a transformer, different phenomena, magnetic, electrical, and thermal, occur in it. Magnetic phenomena in the core are a result of the excitation of magnetic force connected with the current flow through the transformer windings. On the other hand, alternating magnetic force induces electromotive force (induced voltage) in all the transformer windings. Additionally, temperature influences electrical properties of the windings and magnetic properties of the ferromagnetic core [4,6,7,8]. Due to thermal phenomena occurring in the transformer, temperatures of the core and the windings can be much higher than the ambient temperature. These phenomena contain self-heating in each transformer components and mutual thermal couplings between these components [9].



Currently, engineers use computer programs, e.g., SPICE or PLECS, to design and analyze power electronic circuits [10,11,12]. Practical usefulness of the obtained results of computations depends on, e.g., accuracy of the models of applied elements contained in these circuits [13]. Therefore, models of the considered components characterized by a different accuracy are given in the literature. The review of selected transformers models is given in the papers [14,15]. Additionally, a manner of modeling the thermal properties of selected impulse transformers is described in the papers [6,9,16].



From the literature review, it is visible that the accessible transformers models describe properties of this component in a too-simplified way. This means that such models can correctly describe properties of impulse transformers only at selected operating conditions. The very popular linear model of the ideal transformer containing linearly coupled inductors [1,10,17] is accurate only in the case when the magnetic permeability of the transformer core is constant. This condition is fulfilled when the dependence of magnetic flux density B on magnetic force H is linear. Such dependence B(H) is observed when B value is considerably lower than saturation flux density. The mentioned simple model neither takes into account thermal phenomena occurring in the transformer nor power losses in the core and in the windings. On the other hand, non-linear transformer models given in [17] make it possible to take into account non-linearity of the magnetization characteristics B(H) of the ferromagnetic core. Unfortunately, in these models the influence of temperature on transformer characteristics are omitted.



In order to take into account mutual interactions between magnetic and thermal phenomena in computer analyses, the electrothermal models of the components contained in the investigated circuit are needed. For transformers, inductors, or solid-state light sources, such models belong to multi-domain models [18]. Electrothermal models can be formulated in the form of detailed or compact models [19,20]. The detailed models allow computing time-spatial temperature distribution in the modeled device, but computations with the use of such models are time-consuming. In turn, compact models make it possible to compute a waveform of one internal temperature characterizing the whole device and computations using such models in a short time.



Electrothermal transformer models are given in the literature [7,14]. Models used in these papers are based on the ferromagnetic core model proposed in [21] and extended by the equations describing the temperature influence on the dependence B(H). A disadvantage of the models described in the cited papers is that they are a very simplified manner of describing thermal properties of transformers. In the paper [7], only one temperature is used to characterize all the transformer components. It is assumed that the core and the windings have the same temperature. In contrast, in the paper [14], different values of the core temperature TC and temperature of all the windings TW were used. It is also worth noticing that in the paper [9], some measurements results are shown, which prove that temperatures of transformer windings can visibly differ between each other. Such differences can exceed even 20 °C for a toroidal transformer. On the other hand, a difference between temperature of primary winding and temperature of the core for the same transformer can exceed even 40 °C [9]. Temperature distribution on the surface of each of the mentioned parts of a transformer is quasi uniform and differences between measured values of temperature on these parts are smaller than 4 °C.



This paper is an extended version of the conference paper [22]. It presents a compact electrothermal model of the impulse transformer. In comparison to the paper [22], the description of the elaborated model is extended and additional measurements and computation results of different transformers are shown and discussed. Particularly, results of investigations of toroidal and planar transformers are presented. An influence of thermal phenomena, frequency, and load resistance on characteristics of the mentioned transformers are investigated.



The presented model is formulated as a subcircuit for SPICE. It takes into account the mutual interaction of electrical, magnetic, and thermal phenomena which occur in the transformer. Additionally, differences of the core temperature and temperature of each winding are taken into account in this model. While characterizing thermal phenomena, both the self-heating phenomena in the core and in the windings and mutual thermal couplings between each pair of components of the transformer are taken into account. In the proposed model, the non-linearity of both magnetizing core characteristic and non-linearity of the heat transfer using the thermal model proposed in [9] are taken into account, too. The correctness of the elaborated model is verified experimentally for transformers with different cores and different windings.



The form of the elaborated model is described in Section 2. Section 3 describes the investigated transformers. The measurements and computations results are presented and discussed in Section 4.




2. Model Form


The proposed transformer model belongs to compact electrothermal models [7,23,24] and makes it possible to simultaneously compute voltages and currents of this device, the temperature of its core and each winding, and the magnetic force and magnetic flux density.



Figure 1 shows the network representation of this model. The presented model consists of three blocks: the core model describing its magnetizing characteristic, the windings model describing voltages induced in them, and the non-linear thermal model describing temperatures of the transformer components. Terminals marked as 1a and 1b represent connectors of the primary winding, whereas terminals 2a and 2b—connectors of the secondary winding. Terminals X1 and X2 are used to model electrical properties of the core. Terminals labeled H, B, TC, TW1, and TW2 of voltage-controlled sources correspond to magnetic force, magnetic flux density, temperature of the core, temperature of the primary winding, and temperature of secondary winding, respectively.



In practical measurements of the electrical properties of the ferromagnetic core, dedicated terminals in the form of metal rings or screwed wires shown in [25] are used.



In the proposed model, thermal and magnetic variables correspond to voltages and currents computed in SPICE. Relations between these quantities are presented in Table 1.



2.1. Core Model


In the core model, the voltage on terminal B corresponds to magnetic flux density, the voltage on terminal H to magnetic force, and the voltage on terminal Ploss to power dissipated in the core, whereas terminals X1 and X2 represent the border of the core. The controlled voltage source E4 is used to compute magnetization on the primary magnetizing curve Ma given by [26]


   M a  =  [     B  S 0   ⋅  (  1 +  α  B S   ⋅  (   T C  −  T 0   )   )     μ 0    −  H S   ]  ⋅ f  (    H +  α M  ⋅  M a   A   )   



(1)




where BS0 is saturation flux density at the reference temperature T0 and magnetic force HS, αBS—the temperature coefficient of saturation flux density, μ0—magnetic permeability of free air, TC—core temperature, αΜ—the parameter of coupling of the walls of magnetic domains, and A—the parameter of thermal energy.



All the abovementioned parameters also appear in the Jiles–Atherton model. In this model, f(x) is the Langevin function, which is non-continuous for x = 0. In order to eliminate this disadvantage, in the proposed model, this function is described by the empirical formula [26]


  f  ( x )  =  x     x 2  + 1      [  1 − 0.9 ⋅ exp  (  −    | x |    2.5    )  − 0.1 ⋅ exp  (  −    | x |    25    )   ]   



(2)







Voltage drop on resistor R3 is proportional to time derivative dMa/dt. Controlled voltage source E5 makes it possible to compute flux density with the use of the following formula


  B =  μ 0  ⋅  (  H + M ⋅  C R  ⋅ y  )   



(3)




where CR denotes capacitance of capacitor of the same name, y describes the Curie phenomenon with the empirical formula


  y =  {    1     i f    T C  <  T  C u r i e       1 −  (   T C  −  T  C u r i e    )  ⋅ 0.006  K  − 1       i f    T  C u r i e   <  T C  <  T  C u r i e   + 17 K     0     i f    T C  >  T  C u r i e   + 17 K        



(4)




and TCurie denotes the Curie temperature. In turn, voltage on resistor R2 is proportional to time derivative dB/dt.



Controlled voltage source EH represents magnetic force H and voltage drop on resistor R1 is proportional to dH/dt.



Voltage in the node M represents magnetization of the core. The output current of the controlled current source G1 is given by [26]


   G 1  = −    (   M a  − M ⋅  C 1   )  ⋅ sgn  (    d H  /  d t    )     C 1  ⋅  H  C 0   ⋅  [  1 +  α  H C   ⋅  (   T C  −  T 0   )   ]    ⋅   d H   d t   −  C   C 1  ⋅  (  1 + C  )    ⋅   d  M a    d t   + M ⋅    C R     R C     



(5)




where function sgn(z) computes the sign of the argument z, HC0—coercion magnetic force at the reference temperature T0, C characterizes elastic deformations of domains walls, αHC—the temperature coefficient of coercion magnetic force, and C1 and RC are capacitance of the capacitor and resistance of the resistor occurring in the core model.



Controlled voltage sources Ealf, EC, Eμ, and EA1 are used to compute the values of the parameters α, C, μ, and A occurring in equations describing the B(H) curve. The dependences of each of the mentioned parameters on temperature TC are given by linear functions.



The circuit containing controlled voltage source E11, diode D1, resistors R4 and R5, and capacitors C4 and C5 is used to compute the average (voltage on capacitor C5) and the maximum values of B (voltage on capacitor C4), respectively. Voltage on the source E11 is proportional to B. The controlled voltage source EDB1 computes the amplitude of magnetic flux density Bm.



The voltage source EP models power losses in the core given by the equation of the form [26]


   E p  =  V e  ⋅    (     B  p p    2   )    β − α   ⋅  (  1 +  α P  ⋅    (   T C  −  T m   )   2   )  ⋅    P  V 0    T     ∫ 0 T      |    d B   d t    |   α  d t     



(6)




where PV0 denotes core power losses per unit of volume, T—a period of the waveform B(t), Bpp—peak-to-peak value of this waveform, Ve—equivalent core volume, αP—the square temperature coefficient of power losses, Tm—temperature corresponding to the minimum of power losses, while α and β are parameters describing the influence of frequency f and Bm on core power losses.



In the described model, the elements making it possible to compute electrical core characteristics at its external electric stimulation are also included: voltage source V1, the controlled voltage source ER, and resistor R6.



Resistor R6 represents the minimum value of the core resistance R. The core current i is monitored by voltage source V1, whereas voltage source ER models the dependence R(i, TC) with the use of the following formula [25]


     E R  =  [   (   m 1  ⋅ exp  (  −  i   n 1     )  +  m 2   )  ⋅ exp  (   B 1  ⋅  (  2 − exp  (  −  i   n 2     )   )  ⋅  (   1   T C    −  1   T 0     )   )  +  (   m 3  ⋅ exp  (  −  i   n 3     )  +  m 4   )  ⋅ exp  (   B 2  ⋅  (   1   T C    −  1   T 0     )   )   ]      ⋅ i ⋅  R 0  ⋅  (   m 5  +  m 6  ⋅ exp  (  −  i   n 4     )   )     



(7)




where R0 represents the core resistance R at temperature TC = T0 and current i tending to infinity, B1 and B2 model a slope of the dependence of core resistance on temperature, parameters m1, m2, m3, m4, m5, and m6 describe an influence of core current on its resistance, whereas parameters n1, n2, n3, and n4 model an influence of core current on a slope of the dependence R(i).




2.2. Windings Model


The model of the windings contains some elements representing properties of the primary winding and the secondary winding. Resistor RS1 models the primary winding series resistance at the temperature T0, the controlled voltage source ERS1 describes an influence of temperature of this winding TW1 on this resistance. The controlled voltage source EV1 computes voltage induced in the primary winding; the controlled current sources GL1 and GR represent magnetizing current core power losses. The controlled voltage source ERMS1 computes RMS value (VRMS1) of the primary winding current. Voltage sources VL1 and Vl11 have a zero value and they monitor the value of currents flowing through them. In order to model properties of the secondary winding, three elements are used. Voltage induced in this winding is described by EV2, and winding series resistance by RS2 and ERS2.



The controlled voltages sources EPW1 and EPW2 are also included in the windings model. These sources represent power losses in the primary and in the secondary windings, respectively. The output voltages are given as follows


   E  P W 1   =  [  1 +  α ρ  ⋅  (   T  W 1   −  T 0   )   ]  ⋅  V  R S 1   ⋅  i 1  +  R  a c W 1   ⋅  [  1 +  α ρ  ⋅  (   T  W 1   −  T 0   )   ]  ⋅  i 1 2   



(8)






   E  P W 2   =  [  1 +  α ρ  ⋅  (   T  W 2   −  T 0   )   ]  ⋅  V  R S 2   ⋅  i 2  +  R  a c W 2   ⋅  [  1 +  α ρ  ⋅  (   T  W 2   −  T 0   )   ]  ⋅  i 2 2   



(9)




where αρ denotes the temperature coefficient of copper resistivity ρ, i1 and i2—currents of the windings, VRS1 and VRS2—voltage drops on resistors RS1 and RS2, and RacW1 and RacW2 are resistances of both the windings for alternating current described with the dependence [27], in which k is equal to 1 or 2.


   R  a c W i   =  R  S i   ⋅    y 1   2  ⋅  [    sinh  (   y 1   )  + sin  (   y 1   )    cosh  (   y 1   )  − cos  (   y 1   )    +    (  2 ⋅ m − 1  )   2  ⋅   sinh  (   y 1   )  − sin  (   y 1   )    cosh  (   y 1   )  + cos  (   y 1   )     ]   



(10)







In Equation (10), RSk is resistance of k-th winding for DC and y1 is the relative layer thickness of the winding given by [27]


   y 1  = h ⋅      k w  ⋅ π ⋅  μ 0  ⋅  μ w  ⋅ f  ρ     



(11)




where kW is the coefficient of copper layer filling factor, h—effective thickness of the winding layer, and µw is relative magnetic permeability of copper.




2.3. Non-Linear Thermal Model


The compact non-linear thermal model, whose network representation is presented in Figure 2, is used to compute temperature of all the transformer components: TW1, TW2, and TC. It takes into account both self-heating in the core, in the primary winding, and in the secondary winding and mutual thermal couplings between each pair of the mentioned components.



In Figure 2, nine subcircuits are visible. Three of them (shown on the left-hand side) are used to compute three temperatures: TW1, TW2, and TC. They correspond to voltages in nodes denoted using the same symbols. In turn, current sources IC, IW1, and IW2 model power dissipated in the core and in each winding.



The form of this model corresponds to a non-linear thermal model of semiconductor devices proposed in [28]. In the described model, differences in the value of temperature of the core and each winding are taken into account. Additionally, the influence of the dissipated power of the effectiveness of the removal of the heat generated in the transformer is taken into account. While formulating the presented model, it was assumed that the dissipated power influences only thermal resistances Rth in the thermal model, whereas it does not influence thermal capacitances.



Circuits containing capacitors and the controlled current sources model self-transient thermal impedances: ZthW1(t) of the primary winding (CW11, …, CW1n, GW11, …, GW1n), ZthW2(t) of the secondary winding (CW21, …, CW2n, GW21, …, GW2n), and ZthC(t) of the core (CC1, …, CCn, GC1, …, GCn). Voltage on each of these circuits corresponds to an excess of temperature of the transformer components above the ambient temperature Ta due to self-heating. Controlled voltage sources E1, E2, and E3 represent an increase in the temperature of the transformer components resulting from mutual thermal couplings between these components. Voltage on the source E1 is equal to the sum of voltages in nodes TW11 and TWC1, voltage on the source E2 to the sum of voltages in nodes TW21 and TWC2, and voltage on the source E3 to the sum of voltages in nodes TCW1 and TCW2. Voltage sources V1, V2, and V3 correspond to the temperature Ta.



Another six subcircuits describe mutual thermal couplings between the components of the transformer. Each of these subcircuits represents appropriate transfer transient thermal impedance. Current sources represent power dissipated in the primary winding (IW12 and IW1C), the secondary winding (IW21 and IW2C), and the core (IC1 and IC2).



All self and transfer transient thermal impedances are given by [19]


   Z  t h    ( t )  =  R  t h   ⋅  [  1 −   ∑  i = 1  N    a i  ⋅ exp  (  −  t   τ  t h i      )     ]   



(12)







The dependence of thermal resistance Rth on power p dissipated in the heating transformer component is expressed by the empirical formula


   R  t h   =  R  t h 0   ⋅  [  1 + a ⋅ exp  (  −  p b   )   ]   



(13)




where Rth0 is the minimum thermal resistance value, while a and b are model parameters. Parameter a describes the range of change in the thermal resistance value, whereas parameter b characterizes the slope of the dependence Rth(p).



Thermal resistance is modelled by the controlled current sources Gi. The output current of this source is described by


   G i  =    V  G i      a i  ⋅  R  t h      



(14)




where VGi is voltage drop on this source.





3. Investigated Devices


In order to verify the correctness of the proposed compact non-linear electrothermal model of an impulse transformer, many measurements and computations were performed. In these investigations, different constructions of impulse transformers were used. The planar transformer and classical transformers with ferromagnetic cores made of different ferromagnetic materials and characterized by different shapes and dimensions were considered. The investigated devices are briefly presented below.



Figure 3 presents the investigated planar transformer with the ferrite core E22/6/16R made of 3F3 [29] material. The spiral windings were performed on the FR-4 PCB of the thin equal to 1 mm with copper layer 35 μm thin. The secondary and primary windings had the shape of an oval spiral. The primary winding consisted of 3 turns, 2.5 mm wide, and the secondary of 4 turns, 1 mm wide.



Many of the investigated transformers contain ring cores made of different materials. Cores made of following materials were used: powdered iron—material −26 [30] (called RTP), nanocrystals—material M-070 [31] (called RTN), and ferrites—material F-867 [32] (called RTF). The cores have an external diameter of about 26 mm, an internal diameter of about 15 mm, and a height of about 11 mm. The transformers with small cores contained two windings with 20 turns of copper wire in enamel of a diameter 0.8 mm. Images of some investigated transformers with ring cores are shown in Figure 4.




4. Investigations Results


The correctness of the proposed transformer model was verified experimentally. Some characteristics of transformers described in Section 3 were computed and measured. In Section 4.1, transformers with ring cores are considered, whereas in Section 4.2, the results of investigations of the planar transformer are presented.



In the figures presented in this section, the results of the computations obtained by means of the proposed model are marked with solid lines, whereas the results of the measurements are shown with points. Additionally, some computation results obtained using the model given in the paper [15] are denoted with a dashed line. In the investigations, the results of which are presented in this section, the transformers operated exceeding their primary winding by sinusoidal signal of frequency f and amplitude Vm. The load of the secondary winding was resistor R0.



4.1. Ring Transformers


Figure 5 illustrates the influence of load resistance R0 on energy efficiency η of the considered ring transformers. This efficiency was equal to the quotient of the average value of the product of voltage on the secondary winding VW2 and the current of this winding IW2 by the average value of the product of the voltage on the primary winding VW1 and the current of this winding IW1.



The obtained characteristics η(R0) were decreasing functions for all the transformers. The highest energy efficiency was obtained for the transformer containing the nanocrystalline core (RTN), whereas the lowest was for the transformer containing the core made of powdered iron (RTP). At the mentioned operating conditions, for the transformer with the RTP core, the values of η decreased over 14 times (from 85% to only just 6%). A decrease in energy efficiency for high values of R0 resulted from a high value of idling current, which is the main component of current flowing through the primary winding.



As one can notice, the computations results obtained using the proposed model were convergent with the measurements results for all the considered transformers in the whole range of R0 changes. In contrast, the results obtained using the model from [15] fit well the measurements results only for the RTP core, whereas they differed from the results of measurements even by 15% for the other transformers.



Figure 6 illustrates an influence of load resistance on the core temperature at Vm = 67 V and f = 100 kHz. As seen, the dependence TC(R0) was an increasing function. The core temperature achieved even 110 °C for the core RTP at R0 = 1 kΩ.



The obtained shape of the characteristics TC(R0) shows that the most important component of transformer power losses was dissipated in the core [27]. The values of the temperature TC computed using the new model fit the measurements results well. Differences between them were lower than 5 °C. In contrast, the results of computations obtained using the model from the paper [15] differed visibly from the results of measurements. Such differences reached as far as 50 °C.



Figure 7 illustrates the dependence of the primary winding temperature TW1 on load resistance at frequency f = 100 kHz.



For the transformers with RTP and RTF cores, the dependence Tw1(R0) was an increasing function, whereas for the transformer with RTN core, the local minimum at R0 = 100 Ω could be observed. Big differences (equal even to 70 °C) in the values of temperature TW1 for different transformers were observed at high values of load resistance. This means that this value was a result of mutual thermal couplings between the primary winding and the core, because in this range of R0, the power was dissipated mostly in the core. The results obtained with the proposed model fit the results of measurements well only for the transformer with the RTP core in the range of high R0 values. The differences between the measurements and computations results did not exceed 3 °C. In contrast, the results obtained using the model given in [15] differed from the measurements results by 15 °C.



Comparing results presented in Figure 6 and Figure 7, one can observe that using the model described in the paper [15], one can obtain overestimated values of the transformer core and underestimated values of the transformer primary winding. This problem results from omission in the cited paper of an influence of dissipated power on the values of thermal resistances in the transformer model and from omitting differences in temperature of each winding. Such a problem was not observed for the proposed model.



Figure 8 shows the measured and computed dependences of the transformer output voltage Vout on resistance R0 at f = 100 kHz.



As can be seen, the computations results obtained using the new model and the model given in [15] differed from the measurements results by several percentage points. The dependence Vout(R0) is an increasing function. One can notice that a change of the material of the transformer core could cause even a double change in the transformer output voltage. A four times change in the transformer output voltage was also visible as a result of a change in the value of the resistance R0.



Figure 9 illustrates the influence of frequency on the temperature TC. The presented dependences were obtained at R0 = 100 Ω and Vm = 67 V.



It can be observed that the highest values of temperature TC were obtained at f ≈ 100 kHz. The maximum of about 100 °C could be observed for the core RTP. For high f values, the core temperature of each transformer was nearly room temperature. This was a result of an increase in f causing a decrease in the amplitude of magnetic flux density and in power losses in the core.



Figure 10 shows the measured and computed dependences of the transformer output voltage Vout on frequency at R0 = 100 Ω. As can be seen, the values of voltage Vout were the highest for the RTN core, whereas the lowest was for the RTP core. The differences between these values were the biggest for low f and at f = 10 kHz, they exceeded 40 V. An acceptable agreement between the obtained measurements and computations results was obtained.



Comparing the computation results obtained using the new model and presented in Figure 10, it is apparent that the best accuracy of modeling was obtained for the RTP core. A good agreement between the results of measurements and computations performed using the new model was also obtained for the other transformers. In contrast, for the model from [15], an acceptable agreement between the measurements and computations results could not be obtained in many cases.




4.2. Planar Transformers


Figure 11 illustrates the influence of frequency on the measured and computed values of the core temperature TC of a planar transformer at two sets of operating conditions characterized by: (a) load resistance R0 = 100 Ω and supply voltage amplitude Vm = 30 V, (b) R0 = 470 Ω and Vm = 45 V.



As can be seen, the temperature TC decreased with frequency and assumed higher values for the higher of the considered load resistance values. With an increase in f from 40 to 150 kHz, temperature TC decreased by 20 °C. For R0 = 100 Ω, the values of temperature TC computed with the new model and the model from the paper [15] were practically the same, whereas for R0 = 470 Ω, these values differed from each other by 15 °C.



Figure 12 presents the influence of f on the temperature of the secondary winding TW2 at selected values of R0 and Vm.



The temperature TW2 decreased in function of the frequency. Comparing the values of TW2 and TC shown in Figure 11 and Figure 12, it can be seen that in the considered operating conditions, the core was warmer than the secondary winding. This means that power of a higher value was dissipated in the core.



Figure 11 and Figure 12 show that the results of computations obtained using the proposed model were convergent to measurements results for f > 50 kHz. At frequency f = 40 kHz and lower considered values of load resistance, the computations results were overestimated by 20 °C. This means that in this range, the proposed model does not correctly describe power dissipated in the transformer components, especially in the second winding.



Figure 13 presents the results of measurements and computations of the transformer energy efficiency η as the function of frequency f with selected values of load resistance R0.



As can be seen, the energy efficiency of the transformer increased with an increase in frequency and it decreased if load resistance increased. The efficiency values obtained with resistance R0 equal to 100 Ω and 1 kΩ differed by three times. A decrease in the efficiency in the range of high load resistance resulted from the high value of no-load current, which became the dominant component of the primary winding current. Increasing the frequency from 40 to 150 kHz increased the energy efficiency by up to 15%.



Figure 14 presents the non-isothermal electrical characteristic of the planar core power supplied by direct current. In this case, in the computer analysis, the core was connected to the supplied networks using connectors X1 and X2 of the proposed model.



As can be observed, the obtained dependence v(i) possessed the maximum at current i = 50 mA. The obtained shape of the considered characteristic was a result of a self-heating phenomenon and an increasing function of the core resistance on temperature TC [25].





5. Conclusions


This article presents the new electrothermal compact model of the impulse transformer. This model belongs to multi-domain models and it is dedicated for use with SPICE. In this model, magnetic phenomena occurring in the core, electrical phenomena in the winding, and thermal phenomena in the transformer components and between these components are simultaneously taken into account. In particular, the non-linearity of the removal of the heat generated in the transformer components is included in the model by the use of analytic formulae describing dependences of self and transfer thermal resistances on dissipated power.



Using the proposed model, it is possible to compute waveforms of voltages and the current of each winding, waveforms of magnetic force and magnetic flux density in the core, and waveforms of power dissipated in each winding and in the core. Taking into account thermal phenomena, waveforms of temperature of the core and of each winding can be also computed.



Accuracy and practical usefulness of the new model were verified experimentally for the transformers with ring cores made of different ferromagnetic materials and a planar transformer with the ferrite core. The demonstrated results of computations and measurements proved that the new model correctly describes the influence of frequency and load resistance on the transformer output voltage, its energy efficiency, and temperatures of the core and each winding. The observed differences between the computations and measurements results were smaller than in other models. Of course, many of the simple transformer models described in the literature do not take into account thermal phenomena and such models were not compared with the proposed model.



The accuracy of computations obtained using the proposed model was also satisfied from the point of view of scientific investigations and industry applications. Typically, the difference between computations and measurements results did not exceed a few Celsius degrees (for temperature) or a few percent for voltage and energy efficiency.



The disadvantage of the proposed model is long computation time indispensable to compute the transformer characteristics shown in this paper. In Table 2, the computation times of the mentioned characteristics are compared for the considered transformers. It is apparent that the computation time depends on the values of the model parameters, which correspond to the type and shape of the ferromagnetic core. The shortest computation times were obtained for the RTF ring core, whereas the longest were for the RTP core. Of course, the computation time will be shorter when fast computers are be used.



The presented investigations result also show the strong influence of the selection of the ferromagnetic material used to build the transformer core on the electrical and thermal properties of the transformers. For example, the transformer containing the RTP core is characterized by lower energy efficiency than transformers with other cores. Additionally, the core temperature of such transformers is monotonically increasing function of load resistance. For RTP cores, the transformer output voltage is much smaller (even twice) than for RTN or RTF cores.



The described model and presented investigations results can be usable for designers of electronic circuits. The presented findings can be also used in didactics to illustrate the influence of selected factors on the characteristics of impulse transformers.
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Figure 1. Network form of the proposed transformer model. 
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Figure 2. Network form of a compact non-linear thermal model. 
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Figure 3. Investigated planar transformer with an E22/6/16R core made of 3F3 material. 
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Figure 4. Investigated transformer with ring cores: (a) RTN, (b) RTP, and (c) RTF. 
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Figure 5. Dependences of energy efficiency of the ring transformers on load resistance. 






Figure 5. Dependences of energy efficiency of the ring transformers on load resistance.



[image: Applsci 11 08894 g005]







[image: Applsci 11 08894 g006 550] 





Figure 6. Dependences of the core temperature on load resistance. 
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Figure 7. Dependences of the primary winding temperature on load resistance. 
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Figure 8. Dependences of the transformers’ output voltage on load resistance. 
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Figure 9. Dependences of the temperature TC on frequency. 
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Figure 10. Dependences of the transformer output voltage on frequency. 
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Figure 11. Dependences of the temperature TC on frequency. 
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Figure 12. Dependences of temperature of the secondary winding on frequency. 
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Figure 13. Dependences of the transformer energy efficiency on frequency. 
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Figure 14. Non-isothermal electrical characteristics of the planar core. 
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Table 1. Relations between thermal and magnetic variables and SPICE voltages.
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	Name of Variable
	Symbol
	SPICE Voltage





	Magnetic force
	H
	v(H)



	Magnetic flux density
	B
	v(B)



	Magnetization
	M
	v(M)



	Power losses in the core
	Ploss
	v(Ploss)



	Voltage between the core terminals
	v
	v(X1,X2)



	Temperature of the core
	TC
	V(TC)



	Temperature of the primary winding
	TW1
	V(TW1)



	Temperature of the secondary winding
	TW2
	V(TW2)
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Table 2. Computation times of the presented characteristics.






Table 2. Computation times of the presented characteristics.





	
Results Presented in Figures

	
Transformer with the Core




	
Ring RTN

	
Ring RTF

	
Ring RTP

	
Planar 3F3






	
Figure 5, Figure 6, Figure 7 and Figure 8

	
3435.5 s
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