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Abstract

Vds current sensing has the potential to improve power density, efficiency, and cost compared to conventional current
sensing methods by removing the need for a dedicated (quasi-)lossy sensing device. However, achieving high preci-
sion requires a temperature compensation method that has traditionally come at the expense of flexibility, test cost,
or power density. This work proposes an online calibration method based on small signal resistance measurement
through the periodic injection of small submicrosecond current pulses that are orthogonal to the load current. This
provides an estimate of the large signal resistance that is insensitive to manufacturing tolerance and device type.
Furthermore, junction temperature can be simultaneously estimated from the resistance variation. With 129 mW in-
jection power, the method achieves 0.54 A RMS single point calibrated current error over a +54 A range on a 48V
single phase experimental platform. Since all circuitry is connected parallel to the power stage, the method is suited
to integration into a smart gate driver IC.
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Introduction

1.1. Background

1.1.1. Driving small electric motors

The compactness, controllability, and low cost of small electric motors have enabled diverse applications, from cord-
less power tools and Light Electric Vehicles (LEVs) (e.g., e-bikes) to Unmanned Aerial Vehicles (UAVs) and lightweight
robotics. Their low weight and size reduce strain in handheld uses and improve performance in mobile applications,
where battery power is common. Smaller, lighter components further compound these advantages.

Industry has focussed on Brushless DC (BLDC) motors [1, 2], a type of Permanent Magnet Synchronous Motor
(PMSM), due to their high torque density, efficiency, and reliability at a low cost [3, 4]. These motors rely on three-
phase currents in stator windings, producing a rotating magnetic field that guides rotor magnets. This field, shaped
by magnetic materials, creates a significant winding inductance of generally 10 yH to 1 mH. Although nonlinear and
rotor-dependent, this inductance largely limits the motor’s electrical dynamics, while the rotor motion induces a back-
EMF voltage in the windings.

BLDC motors require current at variable frequencies (usually up to 2 kHz) and thus depend on motor drivers to
manage power flow from a DC bus (mainly up to 50 V). High power density and a low price are common goals [1]
as is high efficiency, which extends battery life and reduces the need for bulky cooling systems [5, 6]. Typically,
they comprise three inverters feeding the motor phases and a control system that manages switching, as shown in
figure 1.1. Though many motor drivers are filterless, having a direct connection from the inverters to the motor, an
additional output filter may be used to reduce the ripple current flowing into the motor.

Controller Switches Motor

) )

control
scheme

T—

Motor driver

Figure 1.1: Typical motor driver system
Current sensing is essential for motor control and protection. It provides real-time feedback on the motor’s oper-
ating state, allowing precise adjustment of torque and speed. By continuously monitoring and correcting the current,
the control scheme can achieve precise motion control. This requires a low error, with typical Root Mean Squared
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Errors (RMSEs) of at most 2 % of full scale. Current sensing is also used to detect faults such as short circuits, which
protects both the motor and its driver from potential damage.

1.1.2. Discrete current sensing
Many approaches to current sensing have been developed [7, 8, 9], though some are more commonly applied than
others. Traditionally, dedicated discrete components play a key role.

Shunt resistors are widely used. They are based on Ohm’s law: the current is passed through a known shunt
resistance, creating a voltage that is proportional to the current. To limit power loss, the shunt resistance is kept very
low - typically in the mQ range. This results in low signal swings that are scaled up for further processing, often by
so-called current sense amplifiers.

Usually, the shunt resistors are not put inline with the output phases and there are fewer shunt resistors than
phases. Instead, the shunt resistors are placed at some of the lower legs of the inverters. This saves cost by decreas-
ing the amount of components and reducing the common mode swing requirements on the current sense amplifiers
[10, 11]. Since the motor has three connections, one phase current can be fully reconstructed using measurements
of two other phases. With slight modifications of the modulation, phase currents may also be reconstructed through
sequential measurements of a single bus return current measurement [12].

Another approach to current sensing relies on measuring the magnetic field that forms around currents. In current
transformers, the field induces a voltage in a secondary winding wrapped around a high magnetic permeability core
that is placed around the current-carrying wire. Since only dynamic fields induce voltages, this technique does not
pick up DC currents. Alternatively, strategically placed Hall effect sensors can be used to directly measure the fields
and distinghuish both DC and AC current. These magnetic field-based methods avoid the inherent power loss of
shunt resistors, making them effectively “lossless” while also naturally rejecting common-mode voltage swings. The
galvanic isolation is also often noted as an advantage, but is not relevant to low voltage systems. Though more
complex and costly than shunt resistors, they offer a viable alternative in certain applications.

Table 1.1: For a 50 A peak 48 V power stage based on the DRV8302, traditional current sensing methods come with significant cost factors.

’0//"

Device Hall sensor [13] Current transformer [14] Leg shunt resistor [15]
Price at 1k quanity €1.74 €2.14 €0.20

Size 6 x 4.9 x 1.6 mm? 12.8 x 20.5 x 7.5 mm?3 1.5 x 3.1 x 0.5 mm?
Power loss 625 mW 625 mW 469 mW

Total error (typical) +1.0A Unspecified +15A

As tabulated in table 1.1 each of these current sensing methods come with a cost in terms of power dissipation,
area, capital, and complexity. First, there are the direct costs. Each discrete component comes with procurement
and assembly costs. The inherent losses of shunt resistors come with a significant area requirement for adequate
power dissipation. Furthermore, structures with the required electromagnetic coupling for magnetic current sensing
tend to be bulky. Yet, the indirect costs may be more significant. Though the magnetic sensors are not inherently
lossy, they do require the diversion of the flow of current through a structure with the appropriate electromagnetic
properties. This indirectly forces additional power consumption in the parasitic resistance of the added wire length
and thus makes these methods only quasi-lossless. Similarly, as devices move towards higher frequency operation
the parasitic inductance of shunt resistors can require the adoption of more complex driving circuitry that is robust to
the associated ground bounce [16]. In a practical sense, all of these methods are invasive, having to be accomodated
by additional routing in-line with the current.

1.1.3. The desire for integration and its limits

Significant advances have been made in the efficiency, power density, and cost-effectiveness of motor drivers. Though
much of this improvement has been driven by advances in switching devices, integration has also been recognised
as a powerful tool to achieve these goals [17].

Yet, this integration has not always been realised. At high currents, switching devices are often not integrated. They
tend to be manufactured using specialised processes that are not compatible with monolithic integration. Furthermore,
the flexibility in the selection of the switching device is used to make an appropriate tradeoff of efficiency, size, and
cost for the target application.



Instead, there has been a trend to integrating everything but the switching devices. Some commercial products
integrate high and low side gate drivers, adjustable dead-time, overcurrent protection, precision current sense am-
plifiers, and a low-voltage supply for digital control circuitry [18]. Recent developments in smart-gate drivers have
seen further integration of slew rate control circuitry, dead-time optimisation, and intelligent protection features that
optimise efficiency and enable the removal of external damping components [19, 20].

Despite this trend, current sensing has usually been integrated to a limited extent. At high current levels, parasitics
of common packages and process nodes form a barrier to the efficient conduction of the load current. The added
parasitics of routing these currents from the power stage to gate drivers poses an additional challenge. Hence, though
current sense amplifiers and inprecise overcurrent protection have long been a part of many gate drivers, invasive
external components have traditionally been required to achieve a fidelity that is suitable for closed-loop motor control.

1.1.4. The potential and challenge of Vds sensing

Vds-based current sensing is a promising technique for enabling tighter integration of current sensing within smart
gate drivers. As illustrated in figure 1.2, it involves using the parasitic resistance of the switching device as a shunt
resistor so that the drain source voltage V,; is taken to be proportional to the current. Since the sensing circuitry is
in parallel to the power path and thus does not need to conduct the load current, integration into standard processes
becomes viable. There is also the advantage of a higher signal swing, since a greater portion of the power budget is
usually dedicated to losses in the switching device. Though this method shares the disadvantage of leg shunts that
the current measurement must be performed in a limited window, three sensors are sufficient to fully reconstruct the
phase currents, even at full modulation.

»—o Uy, »—o VU,

= i, = Vs/Ras Ras

Figure 1.2: Vds sensing uses the parasitic on-state resistance to estimate output current.

Vds sensing comes with several challenges. One challenge is that the sensing circuitry must tolerate the large voltage
swings at the switching node [21], which may overshoot the rails by up to 30 % of the bus voltage. However, the more
fundamental challenge is that the parasitic resistance depends strongly on temperature and, to a lesser extent, on
other environmental conditions. This has given Vds sensing a reputation of low accuracy [9, 8]. Several solutions can
be considered, which will now be discussed.

Compensation-based techniques

Compensation-based techniques are based on the subtraction of an estimate of the error, thus correcting for the
known component of the error. The advantage of these methods is that the error estimate can be derived from readily
available or easily measurable information. However, their effectiveness is limited by the accuracy of the underlying
model; unmodeled effects can significantly exacerbate errors. Notably, most of the approaches considered here fail
to account for the degradation of the switching device, which can reach up to 20 % according to [21]. This omission
raises concerns about the robustness of these methods

Replica sensing Perhaps the most complete model of a switching device is a copy of it. In replica current sensing,
this idea is exploited by measuring the current through a scaled-down copy of the switching device with equal terminal
voltages and in close proximity to the switching device. Since the devices are in close proximity, their temperatures
are matched. As the replica copies all aspects of the device, it also compensates for other errors such as production
tolerance and nonlinearity.

This idea has been widely applied in integrated circuits, where the voltage over the power and sensing devices are
usually equalised using feedback at the drain [22, 23, 24, 25]. With discrete switches in higher power applications,
accuracy is often traded for simplicity by sensing the voltage over a shunt resistor at the source, though feedback at
the source has also been described [26, 27].

The accuracy of this method is limited by matching, at = +3% in power semiconductors [26, 28, 29]. An advantage
is that the method is in principle robust to degradation, which affects both the main switching device and replica.
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Adoption is hampered by the increased cost and restriction of design freedom to a limited set of specialised devices
[8].

Using a separate structure Co-integrated and thus closely thermally coupled temperature sensors have been used
to implement linear temperature compensation. Total errors of 3% [30] and 5% [29] have been reported. Like replica
sensing, these structures are only found in specialised devices, limit flexibility and come with inherent costs.

Case temperature compensation Measurements of the case temperature may be combined with Vds measure-
ments and models of the switch behaviour to estimate the device temperature. In [31], models of the temperature
dependence of the channel resistance, the thermal resistance of the case, and power losses of the switch are itera-
tively applied to find the junction tempereature, resulting in a 3¢ error of 1.5% in steady state for static loads and case
temperature rises of 15 °C.

The advantage of this method is that no specialised devices are required. Though a temperature sensor must be
included, this is already found on many motor drivers for temperature monitoring. A disadvantage is that extensive
testing must be performed to find the 6 model coefficients. Given that production tolerances may mean these co-
efficients are substantially different between devices, slow and thus expensive factory thermal characterisation may
be needed. Initially gathering these coefficients will also increase development time. Given that dynamics were not
modelled, this issue will become more severe if the method is adapted to dynamic loads, such as those found in motor
drivers.

Using Temperature Sensitive Electrical Parameters The large body of work on estimating the junction tempera-
ture from electrical parameters of switching devices could provide another path towards die temperature compensa-
tion in ordinary devices, though no applications to Vds sensing are known to the author. Apart from on-resistance,
commonly investigated Temperature Sensitive Electrical Parameters (TSEPs) include gate leakage current, gate re-
sistance, threshold voltage, and switching delay times [32, 33]. A potential problem is that the available well-behaved
TSEPs vary by device type. Furthermore, measuring the die temperature is only half the battle. The connection of the
die to the circuit board has been shown to be a major contributor to the resistance of Insulated-Gate Bipolar Transis-
tors (IGBTs) devices whilst not closely tracking the die temperature [34]. It may be possible to predict this temperature
using a thermal model, though this would increase the calibration requirements for the system.

Feedback-based techniques

Feedback-based techniques are based on the subtraction of the measured error. The advantage of these approaches
is that it can correct errors that are not easily predicted. However, the downside is that it requires a measurement of
the error, which may not be straightforward. Case and point, the resistance is not in itself an electrical signal, and can
thus only be measured from its response to a signal. This could be the current resulting from an applied voltage or the
voltage resulting from an applied current. Applying a voltage requires a lower impedance source than the parasitic
resistance of the switch, but this is usually not practical in a power stage, which requires a low parasitic resistance
to reduce losses. Applying a current requires a higher impedance source than the parasitic resistance, and is thus a
good fit.

Several approaches for measurements based on injecting such a test current will now be discussed.

Through an alternate measurement of the load current One option is to turn the load current in a known test
current through a separate measurement of it. The resistance may then be calculated using Ohm’s law. The main
proponents of this technique make the measurement by diverting the current through an alternate path that has a
current sensing resistor [35], as illustrated in figure 1.3a. Since the calibration measurement is made very infrequently,
this enables the measurement circuitry to be optimised for small size and cost.

Since an alternate path is used for the measurement, the current and voltage measurements do not occur at the
same instant. This introduces an error, especially since the change in resistance due to the measurement path will
cause a disturbance in the current. [35] introduces a scheme that suppresses this error to below 1 % but depends on
the stability of the load over several cycles. Better transient performance may be attainable when the alternate path
is only enabled for a part of the switching cycle, as in [36].

The advantage of this method is the large signal swing provided by the use of the load current. The downside is
that even for low duty cycles, an alternate path still comes at a significant cost in high-current systems.
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(a) The load current that normally flows through Q2 can be measured (b) A small test current can be injected at the output [37].
while flowing through the alternate path through Q3 [35].

Figure 1.3: Resistance measurement options

Through a known feature of the current If some feature of the load current signal is known, this could serve as the
test current. For example, though the bulk current may be unknown, a high-frequency component may have known
characteristics. Though this approach has not yet been explored in the context of Vds sensing, the idea has often
been applied in Voltage Regulator Modules (VRMs) [38, 39]. Alternatively, though the instantaneous values may not
be known, the statistical behaviour of the signal may be known. In motor drivers, such a feature may exist in the ripple
current, given by:

ai _ Vapplied - Vbemf = di _ Vs — Vbemf _ 0- Vbemf _ Vs

at L Ao = L L L
Though the rising and falling ramp rate of the current depends on the back-emf, the difference between them depends
only on the supply voltage and inductance. If the inductance is known, this may be used to predict this ramp rate,
which may then serve as a test signal to find the current.
The advantages of this method are that it does not require circuitry to divert current from the switch whilst still
providing a sizeable signal swing. The downside is that the accuracy is low, as the inductance has significant manu-
facturing tolerance and may vary due to the nonlinearity of the magnetics.

Through an injected reference feature If the load current does not contain a known feature, such a feature can
be purposefully added by the injection of a current. This current should be small to prevent high power dissipation
and significant heating of the switching device. It should also have a high enough frequency not to be shorted by
the inductance but a low enough frequency not to be shorted by the parasitic capacitance. Furthermore, it should be
possible to distinguish the current from the bulk current.

The advantage of this method is that the measurement process can be tighly controlled, but the disadvantage is
that the signal swing is dependent on the size of the current feature that can be generated.

The test current could be injected before or after the output filter. Injection after the filter has been discussed
[37, 40], as illustrated in figure 1.3b. An advantage of this method is the low voltage swing, easing requirements on
the current source. The disadvantage is that the filter also affects the meaasurement, giving a low update rate. This
technique is not applicable to filterless motor drivers.

Another design option that merits further investigation is the injection of a small current at the switching node,
directly into the channel resistance. Compared to injection after the filter, this offers a higher update rate but comes
at the expense of higher requirements on the current source. It also offers compatibility with filterless motor drivers.
Though it has not been applied in the context of Vds sensing, injection directly into shunt resistors has been explored
in accuracy monitoring of energy meters [41], where 0.1 % performance was achieved through measuring the re-
sponse to an out-of-band pilot tone. Similarly to Vds sensing, the measurement was performed while the load flowed
through the shunt resistor. Dissimilarly, the dynamics were significantly slower and the shunt resistor was continually
connected, enabling long integration periods. Recently, a similar idea was used for self-calibration of trace shunt re-
sistors [42], which achieved 0.2 % gain error but did so with the load unconnected for long integration times. Though
there are big differences between these applications and Vds sensing, they show the potential of this method.

Conclusion

Compensation-based methods have not yet shown sufficient fidelity for use in motor drivers. Even if the error could
be reduced, they inherently come with limited flexibility, expensive integration, or a large characterisation effort.
Feedback-based approaches show promising performance, but existing injection methods have been costly, inac-
curate, or too slow for Vds sensing. Yet, this is not a fundamental limitation. The rapid injection of current pulses at
the switching node has not yet been explored and has the potential to reduce the cost of feedback-based Vds sensing.

1.2. This work

So far, Vds sensing has not delivered on its promise of precision current sensing at a low cost, preventing integration
into smart gate drivers. Existing methods do not achieve the required performance, or rely on the addition of costly



production processes and/or components. The goal of this thesis is to assess to what extent the cost to performance
ratio of Vds sensing may be improved with measurement of the small-signal resistance through the injection of small
currents at the switching node, as illustrated in figure 1.4.
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(b) The measurement path is in parallel to the power path.

(a) Ry is estimated from ;3 measurement through a small injected
current §i.

Figure 1.4: The big idea is to estimate the current I from the drain-source voltage V through online measurement of the small-signal resistance.

First, chapter 2 provides an error analysis that informs what errors need suppresion. Then, chapter 3 will build
upon this to motivate that linear online calibration is sufficient to achieve 2 % error, provided that a sufficient update
rate is chosen. It will also argue that an architecture based on correlation processing and the injection of down-up-up-
down pulses by a linear current source achieves a precision within 6 dB of the optimum while minimising cost factors.
Furthermore, it will show that the architecture is insensitive to the most significant nonidealities through modelling
their error. Chapter 4 describes a test platform in PCBA technology that achieves a 1 % RMSE while experiencing a
20 % shift in channel resistance in under 30 s. Finally, chapter 5 concludes this thesis.



Errors in Vds sensing

Vds sensing is based on the assumption that channel resistances of switching devices behave as ohmic resistors,
such thatI = V;5/R,4. In reality switching devices deviate from this assumption, exhibiting several effects that become
sources of error when not addressed. Hence, achieving high fidelity requires suppresing the impact of some of these
effects. However, this suppresion comes with costs. Hence, the highest performance to cost ratio achieved when the
suppresion is limited to effects that reduce performance below the desired level.

Here these effects are identified by quantifying the impact of several potential sources of error based on elec-
trothermal simulation models of a representative silicon MOSFET (IPTO10NO8NMS) and GaN HEMT (EPC2031).

2.1. Error model

The errors can be divided in three categories: current errors, voltage errors, and resistance errors. Each affects the
estimated current in a different way, as illustrated in figure 2.1. Under a small fluctuation assumption, resistance errors
cause gain errors of AG,. = AR/R, voltage errors cause offsets of Al,r = AV/R, and current errors cause offsets of
Al that are subject to the gain errors.

. Vs
f=-% =
R
Voo _ AV+(AI+{)-(R+AR)
R

= +AD 1+AR +AV
B R R

Figure 2.1: Voltage, current, and resistance errors each affect the estimated current in a unique way.

In general, the instantaneous error is not meaningful, as it may be current-dependent and stochastic. Rather,
an average quantity gives more insight. The Root Mean Square (RMS) error is a natural fit due to the widespread
familiarity with RMS measures. Under a small fluctuation approximation and for the T-periodic signals found in motor
drivers, the total RMS error is:

o 1 T n 1 T A A 2
Alrms=\/?f0 Ai(t)zdtz\]?ﬁ) (i(t)'$+m'(t)+ vR(t)) dt

The contribution of individual RMS errors to the total depends on their mutual correlation. The contribution to the
total error is highest when the errors are fully correlated, in which case the RMS errors add. Hence, the RMS error
evaluated for individual error sources can be seen as a pessimistic estimate for their contribution to the total error.




Errors may also depend on factors specific to a unit or the environment. In a Bayesian approach, the average would
be taken over a statisical model of such factors, so that the error metric emphasizes circumstances that are most likely
to occur. However, many applications will have poorer performance than this average. Hence, a classical approach
will be adopted here, with no statistical assumptions on these factors. Instead, worst case analysis will be applied to
find the worst case RMS error. This ensures the error metric can be interpreted as the minimum performance in any
application.

2.2. Sources of error

2.2.1. Temperature dependence

The temperature dependence of switching resistances is commonly cited as a major source of error [31, 8, 9, 43,
35, 29]. It can be modelled as a resistance error on top of a nominal resistance. Figure 2.2 shows the simulated
small-signal resistance at no load current over temperature. A significant variation can be observed. Figure 2.2b
shows that the associated temperature coefficient is roughly 0.5 % oc™h

S o -
< 50 || — IPTO10NOBNMS € s
= EPC2031 S
p 515
o 1
th o 0.4
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Y : 1 1 1 & 0 - 1 1 1
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(a) The resistance varies with a factor of ~ 2x over temperature. (b) The temperature coefficient of the resistance exceeds 0.5%.

Figure 2.2: The temperature dependency of the switching resistance gives a considerable error.

Taking the room temperature resistance as the nominal resistance and assuming full-scale sinusoidal currents,
the worst-case RMS error due to temperature dependence occurs at the maximum temperature of 125 °C:

2 IFS IAleax Aitemp rms 1 |AR|max 1
AI = —_—— = —_— = = . 0f = 4 0 21
emeTmS T2 R Ips V2 R V2 63% = 45% @1)

2.2.2. Production tolerance

Another widely recognised source of error is uncertainty about the value of the parasitic resistance due to production
tolerance [9, 43, 35, 29] or lack of manufacturer documentation [8]. This can be modelled as a resistance error.
Switching device datasheets do not typically list the minimum resistance value, only the typical and maximum value
[44, 45]. This gives an indication of the positive tolerance, which is illustrated in figure 2.3, along with an estimate for
both the positive and negative tolerance from Motorola application note [26], a switching device manufacturer.

30 1
20 +

10 +

Tolerance AR/R (%)

S

Motorola IPTO1ONO8NMS EPC2031
Figure 2.3: Various sources indicate a production tolerance of about 30% worst-case.

There is a reasonable agreement between the sources, though the IPTO10NO8NMS5 exhibits a significantly better
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tolerance. This may be attributable to its low channel resistance, which makes the resistance of relatively precise
metal bonding elements a larger contributor, as shown in section 2.2.3. The worst-case RMS error due to production
tolerance then is: .
Al 1 |AR 1
M=_.M=_.3O%=z1% (2.2)
Ips V2 R V2

2.2.3. Gate voltage dependency

The dependency of the resistance on gate voltage is often noted [31, 8, 9, 43, 29], though not explicitly associated
with a source of error. This can be modelled as a resistance error. For the square law model of a mosfet in triode
region, the resistance can be found through a derivative:

_ Va5 _ L 2.9)
aID w- :“Cox : (Vgs - Vth)

w 47
Ip = T “UCoy ((Vgs - Vth) “Vas — %) > R
And this formula is frequently stated [9, 8, 43, 43]. Yet, it is not a good fit to the resistance to gate voltage dependency
curves in datasheets, as illustrated in figure 2.4. This is because it does not take into account the linear parasitic
resistances at the source and drain of the device, which become significant for high currents. The effect can be
modelled using a single linear bonding resistance R, 4, as derived in appendix A.1:
OV L

R= = +R 2.4
BID w- ,UCox ] (Vgs — Vth) bond ( )

As illustrated in figure 2.4, this model achieves a close fit to datasheet curves. Note that at the maximum gate voltage
the bonding resistance is a significant fraction of the resistance for both devices, even dominating the resistance of
the IPTO10NO8SNMS.
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(a) IPTO1ONOBNMS5, Rpyong = 0.83 mQ, Rysmin = 0.07 mQ (b) EPC2031, Rpong = 1.18 MO, Ryosmin = 0.82mQ

Figure 2.4: The square-law model fits poorly to datasheet measurements, but the discrepancy is resolved when modelling bonding resistance.

Using equation 2.4, the sensitivity of the relative on-resistance error to gate voltage errors can be found:

1 4R 1 AR 1 1 AV, 25)

—_. —_ — = -~ = . .

R Rpon R _ Y Rbond ’
Mos (o = Van) - (1 + 22t Loy 1o, o0

In which R, is the square law resistance of the mos device, as given in equation (2.3). Equation (2.5) shows that the
relative error in the on-resistance is directly related to the relative error in gate voltage, scaled up or down depending
on the ratio of the gate voltage to threshold voltage and the bonding resistance to mosfet resistance.

It is difficult to determine the relative error in the gate voltage, since it strongly depends on the specific gate driver
implementation. However, an educated guess can be made for a typical system based on a traditional bootstrap
capacitor driven by a controlled power supply through a diode. The power supply is typically tightly controlled, to
within 1%. Hence, the voltage over the diode when the high-side switch is actived is the dominant source of error.

After the switching node voltage goes low, the diode becomes strongly forward biased and thus has a low small-
signal resistance. As a result, the bootstrap capacitor quickly charges. However, as the bootstrap capacitor gets
charged, the forward bias over the diode grows weaker, decreasing the impedance and exponentially slowing the
charging. Because of this, the voltage on the bootstrap capacitor at a given sufficiently late moment is relatively
insensitive to the starting voltage or charging time but very sensitive to the low-current forward voltage of the diode.
This voltage is heavily temperature dependent. As an example, it varies between 0.35V and 0.7 V for the UCC27282-
Q1 gate driver IC used in the test setup described in chapter 4. For the lowest gate-voltage EPC2031 device, this
corresponds to a +4 % error compared to nominal voltage.
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Then the worst-case RMS error due to gate voltage dependency occurs at the maximum gate voltage deviation
and for the EPC2031:

N

Al 1 1 1 AV, 1 1 1
—vgaterms _ __ | — - - L5 — —— 4% =2% (2.6)
Ips V21— q gy chend Voo 2o Z 1 4 Lig8m
Vgs Rmos 5V 0.82mQ

2.2.4. Nonlinearity

The parasitic resistance of the switching device is not perfectly linear, which some have named among dominant
sources of error [9]. Assuming that nonlinearities scale with resistance changes such that i = i(v) - R,om /R, they
are best modelled as current errors. Figure 2.5a shows the simulated error compared to a least squares zero-offset
linear fit for drain voltages between —200 mV and 200 mV at a junction and case temperature of 25 °C. The voltage

was limited to +200 mV because higher voltages correspond to power dissipation that would be too high for typical
applications.

0.2 % ~ 11
=
_ o — g
< = 087
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& —04 | g
(] —
S —06 g 04
= ()
3 I
© —08 |[— IPTO10NOSNMS5 s 02|
EPC2031 3 ]
—1L 1 1 1 1 1 1 1 > © 0 [ 1 1 1 1 1 1 1 1
—200-150-100-50 0 50 100 150 200 25 50 75 100 125 150 175 200
Current I (A) Current Izs (A)
(a) The nonlinearity remains below 1% over a large current range. (b) As the maximum current is reduced, the linearity increases.

Figure 2.5: A linear model gives a good approximation of the resistance of the switching devices.

It can be seen that the error remains lower than 1% over a large current range range. As the range of currents is
reduced, the i,v characteristics of the switching devices become better approximated by an Ohmic resistance, giving
a lower error compared to the full-scale current. This tradeoff is shown in figure 2.5b. For very low current ranges,
the simulation model of the EPC2031 exhibits an offset that gives an increased error. Whether this does or does not
correspond to reality could be settled by experiment but is not relevant to the current ranges considered in this work.

The usable RMS current range of the devices is about 50 A for the EPC2031 and 100 A for the IPTO10NO8NM5
due to the thermal constraints facing most applications. In this range, the worst-case RMS error due to nonlinearity
occurs at 50 A for the EPC2031 and is given by:

Allinear,rms =0.5% (27)
Irs

2.2.5. Limited access

When the switching devices are disabled, the current starts flowing through a different leg of the inverter and the Vds
sensing method can not be applied. Because of this, the current information is masked for large parts of the switching
cycle. Though this makes it impossible to recover the full current waveform in the general case, it is fully compatible
with the sampling strategy used to extract low-frequency current information that is used in many motor drivers.
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Figure 2.6: Midpoint sampling nullifies coupling from ripple to current samples.

Generally motor drivers employ midpoint sampling, where the switching moments are centred around the sampling
moment. As illustrated in figure 2.6, this aims to ensure no ripple current is present at sampling moment, so that only
the "average’ low-frequency current is sampled. In this scheme, the current information is only accessed when Vds
sensing is possible, so that the limited access poses only a synchronisation problem [31].

The idea that the instaneous current at the midpoint corresponds to the average current is based on the assumption
that the current varies linearly. In practice, nonlinearitites in the current waveform introduce errors [46]. However, these
errors are not commonly considered and are not unique to Vds sensing. Hence, they should thus not be considered
as part of this analysis.

As such, the worst-case added RMS error due to limited access is insignificant:

~

Alaccess,rms

< 0.01% 2.8)
Ips

2.2.6. Ringing
Unmodelled dynamics give rise to ringing following switching transitions. These can be modelled as voltage errors.

Figure 2.7 shows the decay of simulated transients during the rising edges in half bridge output stages of simulated
switching devices carrying one period of a 1 kHz 100 A (IPTO10NO8NMS5) and 50 A (EPC2031) sine wave.
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g %
(@] *
0 / w \ 1072 ‘ | ‘ ‘ \x
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Time t (ns) Time t (ns)
(a) The ringing dies down rapidly. (b) The ringing is below millivolt level within 250 ns.

Figure 2.7: Though large transients are created by switching, they die down rapidly.

Figure 2.7a gives an overview of the transients. The difference between hard and soft switching can clearly be seen.
Meanwhile, the decay can be reviewed more precisely in figure 2.7b, where the difference with the final value has
been plotted on a logarithmic scale. Due to uncertainty in the final value, the error saturates around 0.1 mV. Hence,
some trend lines are drawn, which illustrate the expected amplitude of the ringing.

Assuming a settling time of at least 400 ns, the the worst-case RMS error due to ringing occurs at 400 ns for the
EPC2031 and is insignificant:

N

Alringing,rms — AV — 1 |~»IV
IFS R'IFS ZOmQSOA

< 0.01% (2.9)
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2.2.7. Leakage current
When the switches enter the off-state, they pass a leakage current. This leakage current adds as a current error to
the sensed phase current. Figure 2.8 shows the simulated leakage current over temperature for a 48 V bus voltage.

107* 5
R —— [PTO1ONO8NM5
< EPC2031
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X
©
V]
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Temperature T (°C)

Figure 2.8: The leakage current is low, even as it increases with temperature.

The worst-case RMS error due to leakage occurs at 125 °C for the EPC2031 and is insignificant:

Aileakage,rms _ Al _ 30 UA 0
In = I.  50A <0.01% (2.10)

2.2.8. Dynamic changes in resistance

Changes of the on-resistance with time have been reported for Gallium Nitride (GaN) switching devices [47], with

dynamics at the switching frequency. These are best modelled as resistance errors. Though these changes are not

incorporated in the simulation models, measurements for the EPC2045 device have been reported [47] and are shown

in figure 2.9.
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(a) Linear fit to changing resistance (b) Difference between measurement and fit

Figure 2.9: The dynamic Ron effect is well approximated by a linear slope for short periods. Adapted from the EPC2045 measurements in [47].

It can be seen that the resistance may grow by over 54% compared to DC conditions. Within a 9 ys period the
resistance is relatively stable, but still changes by 6 %. As illustrated, the variation is linear over time to within an error
of roughly 0.1% for time periods smaller than 8 us. Since the key reason the industry is moving towards GaN switches
is to achieve a higher switching frequency, this condition should always be satisfied.

Assuming that the nominal resistance includes dynamic on-resistance effects, the error is given by the changes
in on-resistance over changes in operating conditions. There is an effort to characterise the size of such changes
for the purpose of efficiency modelling. It has revealed dependencies on pulse length and operating voltage [47].
Extrapolating from figure 2.9a, there may be a change of up to 0.66% us™! - 12.5us = 8% for off-times between
0 us and 25 us (and midpoint sampling at half the off-time). Furthermore, for a 2:1 input voltage range, the dynamic
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resistance may change by up to 20 %. Assuming a nominal resistance in the middle of these changes, the uncertainty
is(8%+20%)/2=14%
Then the worst-case RMS error due to dynamic changes in resistance can be approximated by:
Airdynamic,rms _ 1 . |AR| 1

=__ . max _ ___ . 14% =10% 2.1
]FS \/E R \/7 0 0 ( )

2.2.9. Lead inductance
The switching devices contain lead inductance, over which current ramps induce voltages that can be modelled as
voltage errors. Figure 2.10 gives a simplified circuit model.

Controller Switches Motor

/ /
F Y

control
scheme

\\m

Electric drive

Figure 2.10: Both the back-EMF of the motors and the other inverters create offsets on the lead inductances.

Since the current ramps originate from voltages over the motor inductances, the error voltages can be modelled as
the output of voltage dividers formed by the motor and lead inductances. Two voltage sources induce offsets: the
back-EMF of the motor and the output voltages of the other inverters. In the worst case, the back-EMF of the motor
is equal to the bus voltage, and both other inverters are in the opposite state of the inverter that is being sensed. In
that case:

2Ly 2.12
3L, (2.12)
So that the worst-case RMS error due to lead inductance occurs for the IPTO10NO8NMS5 at the minimum motor
inductance of 10 uH and the maximum bus voltage of 48 V:

AV = Viys -

AIAinducttance,rms _ AV N Vbus ) 2L, _ 48V ) 2-3nH
I R-Ips R-Izs 3L, 090mQ-100A 3-10pH

=11% (2.13)

2.2.10. Noise
Noise poses a fundamental limit to the information that can be extracted from any system. The noise can be modelled
as a current error due to thermal noise:
-,  4kT
AlI” = ral
In which B is the noise bandwidth of the measurement, which is limited by the parasitic dynamics of the inverter, which
form a RLC filter. The bandwidth can be estimated as:

1 1 1 1
Bipr = = = 1.7GHz Bppc = = =10GHz

2r-vLC  2m-./3nH-3pF 2m-VLC  2m-,/0.5nH-0.5pF

Where the small contribution above the cutoff frequency was ignored for a first approximation.
Then the worst-case RMS error due to noise occurs for the EPC2031 at 125 °C and is insignificant:

(2.14)

Al 1 |4kT 1 4-1.38-10"23JK"1-400K
—nomerms ~ — J 10 GHz < 0.01 % (2.15)

= . —_— B = .
Irs Irs A R 50A 2mQ

13



2.3. Conclusion

Table 2.1 summarises the worst-case error contribution of various effects. Gate voltage dependency and nonlinearity
have often been named as sources of error, but even in the worst case are not limiting in practice. Similarly, though
lead inductance and dynamic changes in resistance have not traditionally been considered major sources of error,
in some cases they may be among dominant error sources. Nevertheless, it should be noted that they may not be
for many devices and in many operating conditions because they represent the worst-case. However, for the large
range of devices and operating conditions encountered in the application of motor drivers, the worst case is likely to
be encountered.

Table 2.1: Impact of potential error sources (arranged in descending order of importance).

Effect Worst-case MSE (% FS) Notes

Temperature dependence 45

Production tolerance 21

Lead inductance 11

Dynamic changes in resistance 10 Only occurs in GaN devices
Gate voltage dependency 2

Nonlinearity 0.5

Ringing < 0.01 Provided the settling time exceeds 400 ns
Leakage current < 0.01

Limited access < 0.01

Noise < 0.01
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Architecture design

3.1. Choice of error suppression method

Several approaches could be considered to suppress the errrors found in chapter 2.

In single-point calibration, errors are measured at fabrication time and subsequently compensated. This compen-
sates for the fixed production tolerance, but not dynamic errors. Ideally, the production tolerance is fully suppressed.
In reality, the suppresion will be limited by degradation.

In temperature compensation, the temperature dependency is corrected with an estimate of the error based on a
temperature measurement or estimate. Ideally, this method fuly suppresses the temperature dependency error. In
reality, the suppression is limited by errors in the temperature estimate and the model of the temperature dependency.

Linear feedback of the resistance error can be used to suppress all linear resistive errors. Lead inductance effects
are not suppressed since they do not originate from the resistance. Nonlinear effects also cannot be compensated
due to the linear nature of the feedback. Ideally, all resistive errors are fully supressed. In reality, the suppresion is
limited by the bandwidth of the feedback and errors in the resistance measurement.

With lead inductance compensation, the voltage over the lead inductance could be corrected with an estimate
based on an uncorrected output currente estimate, the measured bus voltage, the known state of the inverters, and
a model of the load behaviour. Ideally, the error due to lead inductance is fully suppressed. In reality, the suppresion
is limited by the errors in the the model of the load behaviour.

Table 3.1: Even with ideal performance, no single error suppression method achieves the desired suppression of the worst-case RMSE in % FS.

g c c
8 -g c 2 ® ©
5 o2 ©2 3§ 2
S 9% 28 58 8
2 92 Eg 0T RJE
c £m 006 £8 oo
Effect | method — D wmwo Ko O8& o
Temperature dependence 45 45 0 0 45
Production tolerance 21 0 21 0 21
Lead inductance 11 11 11 11 0
Dynamic changes in resistance 10 10 10 0 10
Gate voltage dependency 2 2 2 0 2
Nonlinearity 0.5 0.5 0.5 0.5 0.5
Total 89.5 685 445 115 785

As tabulated in table 3.1, even with ideal behaviour no single method can achieve the desired performance.
In silicon devices, a combination of single-point calibration and compensation methods may achieve the desired
performance. However, the suppresion would not be robust to degradation and the method is not applicable to GaN
devices. In contrast, a method based on the combination of linear feedback and lead inductance would not only
achieve the desired performance, but be applicable to GaN devices and have robustness to degradation. Hence, it
will be adopted here.

The adopted methods will now be considered more closely.
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3.1.1. Linear resistance feedback
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(b) The measurement requires current injectionand voltage sensing.

(a) Rys is estimated from r4¢ through an injected current §i.

Figure 3.1: The big idea is to estimate the current I from the drain source voltage V through on-line measurement of the small-signal resistance.

Linear resistance feedback depends on a measurement of the resistance. However, resistance is not a quantity that
can be directly observed. It is only meaningful as the response to some excitation. Hence, measuring the resistance
requires observing the response to some test signal applied to the channel resistance of the switching device.

There are several methods that could be used to generate this test signal. As motivated in section 1.1.4, current
injection at the switching node is the most promising method in terms of accuracy, stability, and bandwidth.

The key idea is to use continual measurements of the small-signal resistance r, of the switching device as an
estimate of the large signal resistance R;;. 145 is measured through finding the amplitude of the small voltage pulse
v in response to a known small injected current pulse §i, as illustrated in figure 3.1a. This requires current injection

and voltage sensing, as illustrated in figure 3.1b.
This method inherently comes with several errors. These will now be considered in more detail.

Linearity assumption
The method is based on the idea that the small-signal drain-source resistance ry is a good approximation of the

large signal resistance R;. This is true for linear resistors. However, this assumption is only true to within a certain
accuracy for practical switching devices. This will create a resistance error, as illustrated in figure 3.2a.
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(a) The large signal and small signal resistances differ due to nonlinearity,
giving rise fo an error. (b) As the maximum current is reduced, the linearity increases.

Figure 3.2: The linearity assumption comes with an inherent error, but it is manageable.

The error can be quantified in terms of the maximum deviation with respect to the full scale current:

A r—R Al r—R
AIlinear < Imax ' ( R)max = =2 = ( R)max (3.1)

Thanks to the roughly linear behaviour of the resistance, the small signal resistance is a good estimate of the large
signal resistance.

N

Imax

Insufficient tracking of thermal ramps
During operation, the switching devices dissipate power causing temperature variations. Due to the temperature

dependency of the switch resistance, this in turn causes the resistance to fluctuate. Depending on the interval between
resistance measurements, a significant error may be accumulated compared to the last estimate.
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Quantifying the error requires quantifying the temperature fluctuations. This can be accomplished with a thermal
model of the switching device. Though modelling the exact behaviour for a dynamic power flow creates an unwieldy
result, an upper bound can be found. As shown in appendix A.2 the resistance error is:

oR 1 i
Aéthermal < <_> ' miil’l Prnax * i + Z Ry (3-2)
max Atsample,R ' Zk:o Ck k=0

Voltage offsets & low-frequency noise
Voltage errors due to offset and low frequency noise in the voltage measurement path directly translate to current
offsets and low-frequency noise. The resulting current error is given by:

. . AV vppr(D)
(A[)offset =1 7 - "R (3:3)

In which v, is the offset voltage, including low-frequency noise, in V.

Gain mismatch between voltage and resistance estimation paths

Fabrication tolerances will inevitably cause gain mismatches between the voltage and resistance measurements. This
combination of voltage and resistance errors will create gain errors in the estimated current, which can be estimated
from the error model:

. . (V-AGU 7 - AG,

Alpismaten =1

p ) =[-(AG, — AG,) (3.4)

3.1.2. Lead inductance compensation

The voltage errors over the lead inductances can be compensated using post-processing. This requires a rough
estimate of the motor to lead inductance voltage division ratio, defined as the ratio of voltage offset over one of the
connected lead inductances to a voltage source in series with either of the other phases, as illustrated in figure 3.3.
Note that this ratio is independent of the inverter output states. It can be measured during design time.
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Figure 3.3: n,, is the ratio of voltage offset over the connected lead Figure 3.4: The inductance voltage division ratio can be measured

inductance to a voltage source in series with either of the other phases.  from the jump in estimated current around an inverter state transition.

The compensation also requires knowledge of the back-EMF. Its estimation is already part of many motor control
algorithms. If an estimate is not already available, it is also possible to estimate the back-EMF from the derivative of
current estimate, duty cycle history, and a rough estimate of the motor inductance.

The offset contributions due to inverter outputs and the back-EMF are calculated using the voltage division ratio,
estimated back-EMF and a measurement of the bus voltage. They are then subtracted from the raw measurements,
compensating for the errors over the lead inductances of the switching devices. The motor inductance will in general be
different than estimated due to unit-to-unit mismatch, core saturation effects, the rotation of the motor, and temperature
dependency. However, a large certainty is not needed. Even if the estimate is off by +10%, the lead inductance errors
can be suppressed by an order of magnitude. Nevertheless, some computation power can be used to refine the
estimate through measurements of the division ratio from jumps in the estimated current compared to the quadratic
trend before an inverter output transition, as illustrated in figure 3.4. Alternatively, a single point calibration can be
performed at fabrication time to cancel unit-to-unit mismatch.
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Residual offset over the lead inductance

The lead inductance voltage offset compensation is never perfect, so that a residual offset exists. This manifests as
a voltage error as modelled in section 2.1. Since the compensation voltage scales with the inductor ratio, the voltage
error can be expressed in the inductor ratio error:

IS IS AV IS Z'Vbus‘(nL_ﬁL) 2'Vbus N
|af], =1 5 < |I- 5 = - | AL (3.5)

3.2. Choice of detector

Two measurements are made to implement Vds sensing. One is of the Vds voltage, the other of the resistance.
The resistance measurement is the most constraining, since it involves measuring the voltage created by an injected
current that is only a fraction of the load current that causes the Vds voltage. The voltage measurement can be a
simplified version of the resistance measurement. Hence, the focus will be on the resistance measurement.

Injecting the resistance test signal requires power. Since this power is wasted, it is desirable to keep it to a
minimum. This increases the total power efficiency of the system and also decreases the power handling requirements
of the injection source. In contrast, observation will come with noise. Since a lower noise will - all other things being
equal - require more resources such as power and size, it is desirable to be able tolerate the maximum amount of
noise.

These are contradictory requirements: larger test signals can be spotted in larger amounts of noise, whereas strict
noise tolerances enable the detection of small test signals. Hence, it is important to make efficient use of the injected
signal by optimising the signal chain. This starts at the detector.

Since the electrical dynamics of the switching device must be quicker than the switching dynamics, the voltage
over the switching element in the blocking phase is not meaningfully related to the current, and the behaviour of
the closed switch is nearly linear, the switching device can be modelled as a variable linear resistor with intermittent
access.

I(t) . Si(t) v,(b)

¢
L2 @—@U+

v=R(t) - (I() +8i(t)) =V(t) + dv(t)

oV_

Figure 3.5: Model of the detection problem.

The detection problem can be modelled as shown in figure 3.5, where the size of the response §v of the unknown
time-dependent resistance R(t) to a small known current §i(t) must be determined in the presence of an additive
white Gaussian input noise voltage v,(t) and an unknown bulk current I(t). Ideally, the signal to noise ratio for a
given injected power is maximised.

A near-optimal detector for this problem can be found through a perturbation argument. Say that ¢(¢t) = 1, 1(t) = 0,
and R(t) = R is constant, then the optimal detector is given by the matched filter [48], with a time-domain description
of:

S8 - vt de
Jlsi()? de

In which [T, T] is the support of the injected current. The Signal to Noise Ratio (SNR) is independent of the shape
of §i and is given by:

R=

ang = 2 _ 2R2E;
"Ny, N,

In which E is the normalised voltage energy of the applied signal, E; is the normalised current energy of the applied

signal §i, and N, is the single-sided input voltage noise density. The distribution of the associated resistance estimation

error can be found from the SNR: X
N R Ny
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3.2.1. Effect of intermittent access

In reality ¢(t) changes with time, so that the access to the resistor is intermittent. When the switch is open, no
information can be gained about the resistance. If Ai # 0 when ¢ = 0, this breaks one of the preconditions for the
matched filter, and the detector is not optimal. However, if §i = 0 when ¢ = 0, the detector is essentially blind to what
happens when the switch is open, so that the output is unaffected. Since the performance is independent of pulse
shape, this still gives optimal performance. Hence, a proper choice of injected signal the matched filter is an optimal
detector.

3.2.2. Effect of bulk current
In reality, I(t) # 0, which creates interference with the detector. The magnitude of this interference can be found from
the time-domain description of the matched filter:

J[1.8i®) - R-I() de

AR = .
[, 6i(®)?de f &(t)z dt

f Si(t) - 1(t) dt

For the zero interference condition AR = 0, the injected current must be orthogonal to the bulk current f_TT Ai(t)I(t)d =
0. Hence, for a proper choice of injected signal, the matched filter is an optimal detector.

3.2.3. Effect of resistance changes
In reality, R(t) # R. Changes in temperature and dynamic changes in on-resistance will cause changes in resistance
with dynamics near harmonics of the modulated signal frequency, so that R(t) = R(0) + §R(t). This interferes with
the detector. There are two effects, which will now be considered.

First, the changes in resistance will create changes in voltage, giving an error of:

[1.8i(0) - 6R(®) - 1dt

AR = -
J_p 8i(t)2 de f 5l(t)2 de

f Si(t) - SR() dt

Like with the bulk current, for the zero interference condition AR = 0, the injected current must be orthogonal to the

bulk current f_TT di(t) - SR(t)dt = 0. Hence, for a proper choice of injected signal, the matched filter is an optimal
detector. The same argument holds for mixing effects with the bulk current.

Second, the resistance becomes a moving target, so that the measurement may not accurately reflect a single
sample. The associated error in resistance is given by:

T
-R(t)dt — R(0) =f ;-&(t)z-(ﬁR(t)dt

AR = -
-r [ 8i(t)2dt

[ 8i() - 8i8) - R de R(O) = fT 8i(t)?
[Lsimde o T i) dt

Which is the difference between the instantaneous value and the weighted average of the resistance. For the zero

error condition AR = 0, the square of the injected current must be orthogonal to the changes in resistance f_TT 6i(t)2 .
SR (t)dt = 0. Hence, for a proper choice of injected signal, the matched filter is an optimal detector.

3.2.4. Constraints due to unmodelled effects

Dynamics In reality, various dynamic elements surround the switching device, which will cause ringing that is not
modelled, as discussed in section 2.2.6. These effects can be blocked by setting the injected current to 0 in the
detector while in reality already applying the current, giving a settling time. This is no longer an optimal detector, as
there is inefficiency since fraction of power needed to injected current during the settling time is wasted according to
Nsettte = 1 — Tsettie/Tmeasurement- HOWever, the performance remains near-optimal for a sufficiently small settling
time. As discussed in section 2.2.6, such T;.,4 = 400 ns dead band times are achievable. As shown in section 3.4.2,
the system-level performance is optimised for 1.+ = 0.5, so that the performance of the detector is reduced by no
more than a factor of 2x compared to the optimum

Lead inductance Changes in bulk current will create voltages over the lead inductance, which can interfere with
the detector. The argument about interference due to bulk current over the resistance holds for these contributions.

Pink noise 1/f noise was ignored in the derivation of this detector, but could introduce additional error. However,
the zero interference conditions imply that the detector is insensitive to DC offsets, and thus low frequencies. Hence,
the pink noise can be expected to not significantly affect the output of the detector and ignoring it is justified.
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3.2.5. Enhancement by filtering

Though the matched detector gives near-optimal instaneous measurement of a single injected pulse, the combination
of these measurements may not be an optimal representation of the signal. For example, for a constant signal the
average of the measurements is a much better representation of the signal than the time sequence of instaneous
measurements. Similarly, for a bandwidth-limited signal a filtered sequence more closely matched the underlying
signal. Assuming sampling above the nyquist rate and perfect reconstruction, the signal to noise Power Spectral
Density (PSD) ratio of a uniformly sampled sequence of measurements at a sampling frequency f; is:

P, f; 2R%E
P, /of 2 N,

So that for filtered version of the signal the SNR is:

f;ﬂf ' 2R2El‘ _ RZPl'

SNR = =1 -
2B N, 'V ''N.B

In which 1y = B/Bp,se is an optimality factor of the filter, with n, < 1, and ny = 2/ for a first order time-continuous
filter. It can be seen that the SNR is dependent on the normalised injected current power P; rather than the pulse
energy. This shows that the amount of pulses is not important to the SNR, only the rate of energy delivered. Hence,
a system based on a matched detector achieves the same performance as a continuous-time system with equivalent
bandwidth.

3.2.6. Conclusion

All in all, the matched filter is not an optimal solution to the intermittent resistance detection problem. Settling of
unmodelled dynamics limits the amount of signal captured and more noise is captured due to the presence of pink
noise. However, despite these adverse effects, under reasonable orthogonality constraints on the injected current
there is no significant room for improvement over the matched filter. Furthermore, efficient implementation exist, such
as using a multipler and integrator, as shown in figure 3.6. Hence, it is adopted here.

4\

4

Figure 3.6: A correlator is used to find the amplitude of the small signal voltage pulse év.

This has several implications for the design.
First of, the performance of the system is independent of the shape of the injected current, only its power. Second,
this shape must adhere to several orthogonality constraints:

T T T

T
j |8i(®)| - p(t)dt =0 f Si(t) - I(t)dt =0 f Si(t) - SR(t)dt =0 f Si(H)* - 5RO At =0  (3.7)
-T T =T T

In addition, a settling time T,.++;. > 400 ns must be observed.

3.3. Injected current signal shape

3.3.1. Signal class

For a constant injected power, the shape of the injected signal does not influence the SNR of the measurement.
However, the shape can influence the performance to cost ratio of the system. In particular, signal shapes may be
grouped in four classes, depending on the continuous or pulsed operation and continuous or discrete amplitude.
Representatives of these classes are illustrated in figure 3.7.
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Figure 3.7: Signal shapes may be grouped depending on continous or pulsed duration and continuous or discrete amplitude.

Since resistance information is only available in one of the switching phases, continuous signals introduce a mixing
behaviour with the duty cycle. This introduces an unnecessary problem, and is thus best avoided. Furthermore, there
are several reasons to prefer discrete amplitudes over continous amplitudes. First, the generation and detection
can be efficiently implemented using switches and chopped integrators. Second, the power delivery capability of the
injection power stage can be fully used. Hence, discrete amplitude pulsed signals are adopted here.

3.3.2. Satisfying constraints

Orthogonality to inverter output

The shape of the injected signal must be orthogonal to several signals. First, its absolute value must be orthogonal
to the output of the inverter ¢(t). This is a center-aligned Pulse Width Modulation (PWM) signal with a varying duty
cycle. Orthogonality requires the injected pulse length to fit inside of the low period of this PWM signal.

There is a tradeoff between the length of this measurement window and the duty cycle range over which resistance
measurements can be performed. For a given maximum current amplitude, longer injection lengths impart more
energy giving a better SNR. However, a longer injection length also gives a smaller maximum duty cycle. As discussed
in section section 3.4.2, the optimum measurement time is roughly as long as the settling time of the system. Hence,
good performance can be attained for a small decrease in modulation range. Furthermore, a full modulation range
can be maintained when the ’blind’ current is estimated using the current measurement from two other phases, such
as used to avoid blind spots in leg shunt current measurements [12]. Finally, note that the measurement window need
not be contiguous and constrained to a single cycle. A the injected signal could be spread over pulses in multiple fixed
duty cycle PWM cycles to allow more measurement time. This is particularly relevant to the high switching frequencies
the industry is moving towards.

There is also the option to adapt the length of the measurement signal to the available time. This improves the
SNR for lower duty cycles, at the cost of added complexity. Yet, this method has the same worst case RMSE as a
constant-time approach. Hence, the constant time approach is adopted here for its simplicity.

Orthogonality to bulk current and resistance errors

The injected signal is required to be orthogonal to the bulk current I(t) and resistance error §R(t). In general, these
signals consist of a complex combination of time-varying distorted sinusoids and sawtooth waves. However, any
signal becomes well approximated by its Nnth order Taylor polynomial for sufficiently short timespans. Hence, any
signal that is orthogonal to polynomials of sufficiently high orders will have the required orthogonality properties.

As confirmed by the outline of a proof in appendix A.4, such signals can be found for any base pulse shape and
any polynomial order N by repeated application of shifting, mirroring and rotatating. The procedure starts with a base
pulse shape. To make it orthogonal to Oth order polynomials (constant values), the start of the signal is right-aligned
with the zero axis. Then, a 180° rotated version is added to it. To make it orthogonal to 1st order polynomials (offset
ramps), the resulting signal is again right-aligned with the zero axis and its mirror image along that axis is added.
For orthogonality with higher order polynomials, rotation is applied for odd orders and mirroring for even orders. The
resulting signals for a unit pulse base shape are shown in figure 3.8.
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Figure 3.8: Signals orthogonal to first 4 orders of polynomials can be constructed from unit pulses.

Since every edge comes with ringing and thus additional time and power overhead incurred due to dead time, the
amount of edges should be minimised. For a given order N, the use of the unit gate pulse as the base pulse shape
achieves this goal, as it has the minimal amount of edges of any discrete base pulse shape. To further minimise the
edges, the order N should be minimised.

(a) Nominal operation results in a nonzero output at the end of the measurement.

(b) The injected signal is orthogonal to constant offsets whi

A

.

(c) The injected signal is orthogonal to ramps which thus result in zero output at the end of the measurement.

A

/T—

A

ch thus result in zero output at the end of the measurement.

A

N

A

(d) The injected signal is orthogonal to signals outside its support which thus result in zero output at the end of the measurement.

Figure 3.9: The down-up-up-down pulse is orthogonal to offset linear interference. On the left, various input signals are shown. In the middle, the
product with the down-up-up-down pulse is shown. On the right, the running integral of the signals is shown. The sampling moment is indicated
with a dot, with the vertical deflection corresponding to the result of the measurement.
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The measurement window is generally short enough to make even low order Taylor expansions a good approxima-
tion of the bulk current and resistance error. During the low state of the inverter the bulk current consists of a relatively
slowly varying sinusoidal load current along with a linear ramp of ripple current, barring small nonlinearities caused by
core saturation effects. The resistance error similarly consists of relatively slowly varying thermal components due to
the load current along with a relatively linear ramp due to dynamic on resistance effects. In fact, from the model of the
slow variation of the bulk current in section 3.3.4, the model of the slow variation of the resistance in appendix A.3, and
the data about the dynamic on-resistance in section 2.2.8, and assuming linear ripple, the signals can be modelled
with a 1st order polynomial to within 0.1 %. Hence,the 1st order down-up-up-down pulse is sufficiently orthogonal to
the interference signals, as illustrated in figure 3.9.

Impact on modulation

If any of the other phases change its output the measurement window, there is an abrupt change in the ramp rate of the
ripple current as well as a step in offset over the inductive offset. These signal shapes can not be easily suppressed
and should thus be avoided.

A simple solution is to to perform the measurement during a period where none of the phases are switching. As
illustrated in figure 3.10a, the switching moments of conventional center-aligned PWM fall within the duration of the
measurement period at low duty cycles. Not only does this block the ability to perform a resistance measurement in
this phase, it also creates unacceptably large interference in the two other phases. One solution to this problem is to
keep always keep the duty cycle low enough to not cut into the measurement window. However, this comes at the
cost of modulation range. With a small change to the modulation method, the inverter switching events can always
be placed outside the measurement window. This way, no interference is generated and two phases can always be
used to measure current.
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(a) Conventional center-aligned PWM cuts into the measurement window. (b) Flipover at t = 10 us and t = 38 ys for D = 50% preserves the window.

Figure 3.10: Inverting the modulation preserves a clean measurement window. The control signal of the class D stage is shown in cyan, with the
measurement windows in translucent orange.

As illustrated in figure 3.10b, the approach relies on a single rule: whenever the switching events would fall inside
of the measurement window, invert both the active value of the phase and the duty cycle. This preserves the average
value of the signal, but centers the high part of the signal on the measurement window, which is much longer than the
measurement window. Essentially, the modulation ’flips over’. This scheme introduces an additional switching event
where the flipover occurs. This slightly increases switching losses, but not to a significant extent since the flipover
happens infrequently. The output signal is also not significantly distorted as the flipover occurs when the ripple current
crosses 0.

Orthogonality to resistance bias

The square of the injected signal is required to be orthogonal to the resistance error §R(t). Since this error is purely
linear to within 0.1 %, it point-symmetric to within an acceptable error. Then any symmetric signal is orthogonal to
it. The square of signals constructed with the procedure described in the last section are always symmetric because
(ix)2 = x2, which changes the square value of a roated signal into the mirrored squared signal. Hence, this constraint
is satisfied.

Settling time

As discussed in section 3.2.4, a deadband is needed to suppress errors due to ringing. This can be achieved by
setting the correlation signal to zero at times of significant ringing and settling while not altering the injection signal.
As illustrated in figure 3.11, this requires the injected current to become different from the correlation signal.
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Figure 3.11: The injected current is different from the correlation signal.

As illustrated in figure 3.12, this scheme suppresses errors due to ringing. The orthogonality properties are preserved
when these blanking periods are added.

(a) Without blanking, the correlator experiences significant interference.

b R

(b) With blanking, the interference experienced by the correlator is suppressed.

Figure 3.12: Blanking periods are used in the correlation signal to prevent ringing interfering with the measurement.

3.3.3. Simplifying the injected signal

The injected current signal can be simpler than the correlation signal. Thanks to the orthogonality properties of the
correlation signal, a simple unipolar current pulse has the same performance as a down-up-up-down pulse. Since
the detector is insensitive to constant offsets, an offset current can be added to the injected current. This makes the
injection current source unipolar rather than bipolar. Setting the current outside the support of the injected signal to 0
reduces the amount of levels from 3 to 2.

3.3.4. Error susceptibility

The selected pulse shape comes with various error sources, that will now be discussed.

Noise
The noise on the input voltage will impart a stochastic error on the measurement, as illustrated in figure 3.13.

S M

Figure 3.13: Noise imparts a stochastic error (10 realisations shown, exagerrated).

The effect of the error is best understood in terms of its variance, which is given by:

AR B AQ ~ [x@® in@®dt\ Tl 1 <0ﬁ>2
var << ﬁ )noise> - var << Qn >noise> - Var(f_oooo x(t) : 5i(t)) dt) - (Ti(si)z - Ti R8i
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In which the third to last equality follows by using the definition of variance to expand the integration to a 2D integral,
exchanging the order of integration, and using that the variance of white noise behaves as a Dirac delta function.

Bulk current feedthrough

Apart from the injected measurement current, there is also the bulk output current. Part of this current can feed through
to the measurement. Since the injected current is orthogonal to pointsymmetric signals, only the even component of
the bulk current feeds through to the measurement. For sinusoidal output currents, this occurs at the peaks in bulk
current, as illustrated in Figure 3.14.

s [ — ey ————
i ' L™ | bd ‘

Figure 3.14: Bulk current feedthrough gives a signal-dependent error that peaks at the output current peaks (worst case, exaggerated by 20x).

Then the error due to bulk current feedthrough is bounded by the error made in this case, which is given by the
correlation with the injected signal:

aQ

f_oooo x(t) : Iworst—case (t) dt
<
Qn

J5 x(®) - 8i(t)) dt
Ti/4 Tgap+Ti/2
21 - (fo cos (wy,t) dt — fT;app+Ti/4 cos (wy,t) dt)

= T. 50 (symmetry)

L1 (sin( @l i oo+ 2)) 4 si T, +4 3.8
= ST, sin| — sin| @m -\ Tgap + 7 sin| @m | Tgap + 5 (3.8)

In which I, orst—case (t) is the worst case bulk current.
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Degradation in bulk current rejection due to jitter

Since the injected measurement signal is orthogonal to constant offsets and linear ramps, bulk current such as ripple
and the average current ideally do not affect the measurement. However, this suppresion can be deteriorated due to
jitter, as illustrated in figure 3.15.

Figure 3.15: Jitter imparts a stochastic error (10 realisations shown, ramp understated, jitter exaggerated).
The error due to the jitter is best understood by its variance. The error charge is given by the charge that is
mistakenly integrated, so that:
N 5 tedgektik
(AR> _ Zk:o ffedge,k I(t)dt - Z[i:()jk . I(tedge,k)
R ) ieer T;5i T;5i

In which j is the jitter at edge k, and the final equality follows from a small fluctuation approximation. Since the jitter
is a stochastic phenomenon, so is the associated error. Assuming Independent Identically Distributed (1ID) (and thus
white) jitter, the effect can be described in terms of its variance:

A 5 , 2 5 2

AR _o Var -I(t I(t

Var (( ! > ) ~ Zk_o (]Izc) .2 ( edge,k) = Var (j) - Z( ( ;dgf,k)> (3.9)
R Jjitter T{6i k=0 10t

In which the variance distributes over the summation thanks to the independence of the j, and the variance can be
written as a single quantity thanks to the identical distribution.
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Feedthrough of bulk current due to changing resistance

The resistance of the switching device will change over temperature and due to dynamic on-resistance effects. The
change in resistance changes the voltage over it, essentially mixing with the bulk current. This can cause a measure-
ment error, as illustrated in figure 3.16.

| / = T =
: : | I s

Figure 3.16: Gradual changes in bulk resistance cause additional feedthrough due to mixing with the average bulk current.

Since both the bulk current and resistance have the same mathematical role in causing a voltage vg, =~ I - Rys,
a change in bulk voltage due to resistance and a change in bulk voltage due to current are indistinghuisable at the
input of the measurement system. Hence, the effect can be modelled by an equivalent current Al r given by:

ARy
(1 + AIeff,R) ‘Rasnominat =1+ (Rds,nominal + ARdS) = AIeff,R ‘Rasnominat =1 - ARgs = AIeff,R =1 R S_
dsnominal
Thus, linear changes in R, will be suppressed like ripple, and nonlinear changes may cause bulk feedthrough. The
effective current should be taken into account when evaluating equations 3.8 and 3.9.

Injection ringing and settling

Unmodelled dynamics of the switching devices cause ringing when a current is injected, as well as a slower settling
component. The dead time fully supresses the ringing towards insignificance, but not the settling. This causes a slight
underestimate of the resistance.

Figure 3.17: Unmodelled dynamics cause high frequency ringing (understated) and lower frequency settling (exagerrated) due to the current
injection.

Locally modelling the settling component as an exponential function, the error can be found from:

(Aé) _ <ﬂ> [0 Ax() - si) dt _
ringing

R Q) 2 x)sie)dt

f_T;/.;: B. e—(t+Tgap+Ti/4)/r .Sidt + fgqgaapp:TT‘i/{f B .e~-Ti/V/T . 8idt
== T, - i -
_ Tl - Be~Tgan/ . (&-Ti/(D) 4 ¢~Ti/(4D) _ 2) (3.10)
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Changing resistance distorts the measurement signal
The resistance of the switching device will change over temperature and due to dynamic on-resistance effects. The
change in resistance changes the voltage over it due to the injected current, as illustrated in figure 3.18.

Figure 3.18: Changes in resistance distort the measurement signal.
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The error is given by the difference in the measured resistance and the resistance at the sampling interval:

A i Args(t) : . Ti/4 Args(t)
(AR) ~ (AQ) L x@®)- el - Si(t)dt _ 268i - f—Ti/4 T dt B jTi/él- Arg(6)
change

/) [T ox)-si®)dt T, -8 T T2 )y Tas(0)

dt

N

R

Which is the average of the relative error in resistance over the positive integration pulse. This supresses odd com-
ponents, such as linear ramps. Due to the high speed of the measurement, all changes in resistance are well approx-
imated by these linear ramps, and this effect is insignificant.

3.4. Current injection method

3.4.1. Acceptable output conductance
The test signal has been modeled as an ideal current injection. However, practical current sources have a nonzero
output conductance, which may impact the measurement. This section aims to establish acceptable output conduc-
tance limits to maintain measurement quality.

First, observe that a constant output conductance does not influence the system accuracy, as it simply becomes
part of the unknown parasitic resistance. However, the output conductance may vary with the current. This can be
modelled as a rise in conductance G4, When positive current is injected:

G() = Gyary -u(&'(t)|G(t)=0) = 6i(6) = 6i(O)] ey — Goary - (6i(t)|6(t)=0) IR (3.11)

In which u(x) is the Heaviside step function and 6i(t)|6(t)=0 is the injected current when output conductance is not

taken into account. The impact of G, is then due to the second term in equation (3.11). It describes a pulse with
amplitude G,.,RI(t). Since the pulse is correlated with the injected current, it passes directly to the output of the
correlator. This gives rise to a bias:
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AR GyaryRI(t) o |k
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el R 7771008 1m0 (3.12)
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In which the factor 2 is included because the pulse is only active for half of the integration time. The maximum output
conductance can be further relaxed if the current through the injection branch is monitored using a second matched
filter. Essentially, this method makes the current due to the conductance part of the injected current. The error is due
to the degradation of the orthogonality properties and is given by the difference with a pulse of equal amplitude but
an ideal shape:

T
e = f;TTx(t)'Bi(t) dt Af I;Tx(t)'v(t) de f_Tx(t)T- V(O 5i0y=s1g 00y A (3.13)
Jopx(®) - 6x(t)dt [y x(@® - 6i(t)de [ x(t) - si(t)dt

In which x(t) € {—1,0,+1} is the shape of the injected signal and §i(t) is the monitored injected current. As calculated
in appendix A.5, the degradation gives no more than 50 mA error over practically the full range of load currents.

In conclusion, the output conductance does not limit measurement quality and can remain a degree of freedom.
However, conductances higher than the limit given by equation (3.12) come with the added complexity of current
monitoring.

3.4.2. Choice of power source

Though current sources are often modelled as active devices, practical implementations consist of an active power
source along with a passive current regulator. The choice of power source has a strong influence on the performance
to cost characteristics of the circuit and thus merits closer attention. Figure 3.19 shows the available power source
options.
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(a) From a pre-existing high or low voltage rail. (b) From power preserving supply like (c) From drain voltage.
switchmode.

Figure 3.19: Passive current source power supply options

For a given §i(t), each implementation injects an equal normalised current power:

Tfs

T
. 2 .2
Pizfs'Eizfs'f Si(t)" dt =2-Tfs - 81" “ Nsettre = 2 '[iznj'nsettle
-T

In which I, is the maximum unipolar injected current. The second equality follows because (8i())? = (£6i)? = 6i?
and the third equality because i = I;,;/2, as half of the current functions as a bias.

Voltage rail

A fixed voltage rail can be used as the power source for the current injection. This rail may be the bus voltage, or a
lower voltage bus used to power control circuitry, which is often generated using a power preserving supply such as
a switchmode buck converter.

This concept combines simplicity, flexibility, and a low area. The current is constant, giving measurement quality
that is independent of the bulk current. A single open loop mosfet CS stage would be a perfomant implementation.
Assuming saturation and using the square-law model [49], the area can be found:

W uCor B _ Ip-1? 2 Ip-I? 2 )

=T = Vi = A=L-W= Ve Vor S RCVar v = K05V (3.14)
In which K is a scaling constant. Additional circuitry will be needed to maintain a known current over PVT variations,
for example using the monitoring function described in section 3.4.1. Various low relative area implementation exist,
such as those based on replica sensing [50]. Hence, this is unlikely to significantly affect the area.

The advantages come at the cost of power efficiency. Since the voltage over the switching device is low, most of
the voltage drop is over the passive current regulator so that little energy contributes to the measurement. In particular,
the dissipated input power is given by:

T
Pais = fs - Vaa - J-T linj(£) dt = Tfs - Vaalinj (3.15)
The injected normalised current power can be related to the dissipated power:
Tfs N £
P; _ 2 tinj Nsettle _ Nsettle * linj o 05-1A — 0,050 (3.16)
Pyis Tfs - Vaalinj 2Vqa 2-5V

As expected, higher settling efficiencies 7., are more efficient. Lower V4 and higher injected currents I;,,; are also
beneficial. This can be explained by the fact that this matches the voltage over the switching device and the power
rail, giving a higher ratio of energy that contributes to the measurement. V,;, and P,;;, are usually fixed, but there are
two other factors that affect I;,;:

;- _Fais
" Vaa - Tf
A lower measurement frequency f; and shorter injection time T both concentrate the input power in a shorter time,
increasing the injected current. This leads to the tradeoff between T and 14.:+.. FOr a given settling time Tg,¢¢;., lower
T increases I;,; which increases P;/Py;s, but decreases 7.1 Which decreases P;/Py;s. An optimum P;/Py;s is can
be found through combining equations 3.16 and 3.17, using that nse¢r1e = 1 — Tsett1e /T, @and optimising:

é Pi —0> i Pdis . 1- Tsettle/T
d \ Pais oT \ 2V3,fs T

So that 1.1 = 0.5. Note that this conditions optimises the signal to noise ratio, which only optimises system
performance if the system is noise-limited. Since half of the injection time is spent on settling, Q;; is only half of what
it could be in the limit of T; = . This increases interference by a factor of 2x. Hence, T > 2Ts,:;. could be chosen

to trade of interference and noise.

Pyis = Tfs - Vaalinj = (3.17)

) =0T = 2Tsett1e (3.18)
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DC-DC
Another option is to use some type of power-preserving DC-DC supply as the source of the injected current. This
concept retains the flexibility of the voltage rail, but also has a near-optimal efficiency. The dissipated input power is:

T

f R-(8i(t)” dt =
-T

Pgis = fs - - P; (3.19)

Npc-pc Npc-pc

In which npc_pc < 1 is the efficiency of the DC-DC converter. Hence, the measurement efficiency is:

Pi nmpc-pc 1
= 5

- . - (3.20)

Which is near-optimal, up to the efficiency. One important factor limiting this efficiency is the resistance of the switches
used in the converter. In particular, the injected current will flow through at least one such switch. This then gives
losses of at least Rg,itcn - P; SO that:

R-P; R R P; R/Rswitcn 1%

= ~ > —L < ~ =1007" (3.21)
Pdis R+ stitch stitch Pdis R 1mQ

Npc-pc <

In which the final equality follows because the measurement circuit is desired to be much smaller than the power
stage and to not be implemented in a specialised low on-resistance process. Hence, the practical efficiency is far
from ideal. The switch also requires significant area. According to the square law model in the triode region[49]:

R oL Al wa L’Npc_pc _ Ip - L? Mpc-pc _,, 1%
switch W uCpy - Vor R-uCoy - Vgr UCox  Vor IpR 1A-1mQ

=K-10V-! (3.22)

Further disadvantages are the larger complexity due to the control of the converter and the large area requirement of
either bulk capacitors or a bulk inductor, which cannot be integrated in a standard CMOS process.

Drain voltage

The final option is to use the voltage over the switching device as the power source, diverting part of the current. A
similar method has been proposed in [36], where the current is briefly diverted through a sensing path. The approach
described here improves on this method because the diversion path need not handle the full load current and is always
active in parallel with the main switching device, reducing system losses.

This concept combines a low area, simplicity, and beyond-optimal efficiency as no input power is required and the
system efficiency is even improved by the addition of the measurement stage. Again, a simple open-loop CS stage
can implement the current source. However, these advantages come with the disadvantage of low flexibility. The
current can only be drawn when the voltage over the switching device is higher than the saturation voltage of the
current source. Hence, this option cannot be used to inject a constant current over the entire load current range.

There are several options to deal with this limitation. One option is to design low-saturation voltage current sources,
giving good operation in a certain operating window of high enough drain voltages. This may achievable through
linearisation with feedback for example. However, this comes with additional area and complexity. A particularly
elegant approach is to adapt the test current §i to the drain voltage v(t) according to i « v(t). This changes the
behaviour of the current source into that of solely a conductance G;,;, so that it may be implemented with a CS stage
biased in the triode region. As explored in section 3.4.1, this does not significantly affect the measurement quality. The
downside of this concept is the injected current can become very low, leading to lower measurement performance.
The injected normalised current power is given by:

Tf. Tf, 2 Tf, 2
P, = TS A2 = Ts (Ginj V) = 75 (Ginj -R)" - I (3.23)

Which shows that the injected normalised current energy becomes strongly dependent on the load current. This load
current-dependent noise does not necessarily limit system performance. Using the error model from section 2.1 and
resistance estimation noise distribution from section 3.2, the RMS error current is given by:

Alpys ~ 1fT i(1)° Var (r(t)}, gr= (Mo 1 _1 3.24
RMS ¥ |7 . i) R2 = | g2 T, GinjR (3.24)

Which is independent of load current.This is due to the fact that errors in resistance give gain errors in the current
estimate, which become linearly less pronounced for lower load currents. Hence, a linearly decreasing signal to
noise ratio simply cancels out. Though the system-level current estimation performance is affected by the decreased
resistance estimation performance, the worst-case noise is unaffected.
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Since this method of current injection does not draw significant input power, the concept of measurement efficiency
does not apply. However, the injection stage does dissipate heat P;; inside the injection stage, which can be related
to the injected current energy:

Tfs 2
P _ T'(Ginj'R) 12 _Ginj _ Limj 1A

Pais  Tf, G- R-1)° 2 2Vps  2-100mV

507" (3.25)

A disadvantage of this concept is that the low voltage of the power source requires low resistances to achieve a
given current. This increases the significance of parasitic resistances, such as those from bond wires. It is also more
area intensive, though operation in the triode region minimises the area. Using the square law model[49], the area
can be estimated as:

V‘%S) S oAsLwae—RE 1t oL L _g.10v (326)
2 #Cox * VGT VDS Hcox . VGT 100 mV :

w
ID=T'#C0x' Ver - Vps —

The area penalty can be partly mitigated by a decrease in injected current. Since this method of current injection does
not increase power consumption, T may be chosen arbitrarily long and f; may be maximised without a power penalty.
This also optimises 7.::1 — 1. A tradeoff remains between the injection time T and the available duty cycle range.

Selection

Table 3.2 summarises the key cost factors of the circuits. Both typical values and relative scale factors are given.
Introducing a separate DC-DC converter is an obviously unviable option because it requires an unacceptable off-chip
component. Both injection from the drain voltage and from a voltage rail have strong advantages. Injection from the
drain voltage minimises thermal stress on the package and requires no significant input power. However, injection
from the rail comes with a much smaller area. Given that the reduced efficiency of rail injection does not pose a
barrier to meeting the power and precision requirements as seen in section 3.6, the lower area is preferred here. The
consistent measurement quality that simplifies on-resistance monitoring is an added bonus. Hence, rail injection was
adopted.

Table 3.2: Voltage rail injection is the most suitable option (s = Nsetties 1 = Mpc-pc)-

Factor Scaling factors Typical value Justification
O O

_ % = _ 9 ¢
T &) o T O o
14 &) Q X 0o 0o

Area 2 L 05 10 10 Relative scale factors at fixed Iinj
Ver IinjR Vps

External components 0 1 0

Input power P;,, /P; ZIVJ % 0 20 01 O Relative scale factors
inj

Dissipated heat Py, /P; Zlvﬂ % ZIV—DS 20 01 0.2 Relative scale factors
inj inj

Resistance monitoring + + +

3.5. Topology

Both the high- and low side switches may be used to estimate current. Input switches are used to select the device
and disconnect the input when the voltage is large. Voltages offsets are needed to adapt the input voltages to the
common mode input range of the input amplifier. If capacitors are used, they can also directly be used to implement
autozeroing, decreasing input offset.

The amplitude of the injected current step is tightly controlled as it serves as the reference current for the mea-
surement, with offsets causing gain errors. For high-side measurements, the current is drawn from the bus voltage
through the switching device to ground. The current for low-side measurements is drawn from the computing sup-
ply and flows to ground via the switching device. Since this supply is often generated using a power-preserving
switchmode converter, this makes the low-side measurements less energy-intensive.

The correlator is implemented with switches, like those used for selecting the input device. A multiplication by
+1 is implemented by passing the differential signal through unaltered. For a multiplication by —1, the connections
are flipped. Multiplication by 0 is achieved by disabling all signals, so that the signal is not passed through. An input
amplifier is specified to reduce offset and noise requirements on later stages.

equation (3.9) implies that when interference due to the load current is only supressed by the correlator, the
measurement becomes highly sensitive to jitter. Since the load current is much higher than the injected current, even
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a small change in the length of the upwards pulse compared to the downwards pulse can create large offsets. Hence,
the bulk offset should be reduced by cancelling the bulk voltages, for example by sampling the voltage on capacitors.
The length of the upward and downward pulses should also be determined by some common structure to prevent
degradation of the suppresion.

The voltage is measured using a switched integrator structure that is controlled using the +1 phase control signal
of the resistance integrator. This correlates jitter-induced gain fluctuations between the measurements, supressing
their effect on the current estimate. Similarly, the gain of the first stage does not directly affect the current estimate.
Figure 3.20 shows the resulting architecture along with typical operating waveforms.
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Figure 3.20: The architecture consists of switches, capacitors, integrators, amplifiers, and a current source.

The resistance measurement circuitry need not be active every cycle, which reduces power consumption due
to current injection. The injected current causes an offset that can be compensated in post-processing. Since it is

accurately known, it can simply be subtracted.
This implementation comes with a new error source, which will now be discussed.

3.5.1. Errors introduced by integrator input offset voltage and current

Though offsets before the chopper are heavily suppressed, offsets at the input of the integrator are not. These offsets
may be constant, but could also grow with time as in the case of input bias currents flowing through capacitive voltage
offset capacitors. This creates a resistance error of:

- G, T, (61 -R) (3.27)

a 1
(AR) Tactive * Voff,l + 2 Tazctive : Voff-2
of fset

In which G, is the unitless gain of the first stage, Vs, is the constant voltage offset at the input of the integrator in
V, Vosr.2 is the slope of the linearly growing voltage offset at the input of the integrator in Vs, Tyerive is the time the
integrator is active in s, and T; is the time the resistance signal is integrated in s.

3.6. Dimensioning

For a given measurement power budget, selecting a sample rate fixes the injection current. This introduces a tradeoff
between stochastic errors due to measurement noise and systematic errors due to insufficient tracking of changing
errors. Good performance requires optimisation of several system parameters. The most constraining measurement
is that of the small signal resistance, which will now be considered.
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First, the injected current timing is determined based on the settling time using equation (3.18). This minimises
the noise. With the measurement timing in hand, the measurement rate can be determined. The optimum is found
by sweeping the maximum error models over possible sample rates and selecting the optimum. All sample rates
must be integer divisions of the modulation frequency. The resulting error tradeoff for a 40 kHz system with the
IPTO10NO8NMS, L, = 90 uyH and a per-phase power budget of 100 mW is illustrated in figure 3.21. The optimum
is at a sample rate of 13.3kHz and §i = 0.9 A, giving an expected worst-case error of 1%. Note that this method
assumed constructive interference of all systematic errors, which in reality will not be the case, but does give an
upper bound. Hence, it is desired the estimated noise is dominated by systematic errors, so that in the likely case of
destructive interference the performance may improve towards the 0.2% noise-limited error.
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Figure 3.21: Since the error increases for both low and high sample rates, there is an optimal sample rate.

3.7. Operation

3.7.1. Measurement
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Figure 3.22: After the measurement, the system is restored to its initial state.

The measurement process is illustrated in figure 3.22. Since the voltage path has a subset of the functionality of the
resistance measurement path, it is not shown.

At the start of the measurement, the selected switching device has activated, causing the drain voltage to settle.
During this settling, the drain voltage is not connected to the input amplifier. Instead, it is zeroed and the integrator is
reset.

The measurement window opens when the drain voltage has settled to the point of insignificant error. The input
switches are enabled, causing the input amplifier to present the drain voltage to the signal processing circuitry. The
chopper is initially fully connected, which samples the approximate current on its input capacitors.

At 1320 ns before the midpoint the chopper is configured for passing the inverted signal. This serves as areference
sample, which will help suppress interference from the bulk current.

After a 300 ns integration time, the chopper is configured for zero signal passthrough. Following a 100 ns waiting
time, the current 6i is injected from 920 ns before the midpoint. Since the chopper is disabled, the ringing does not
affect the output.
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When the ringing has decreased to an acceptable level at 320 ns before the midpoint, the chopper is configured for
signal passthrough. This serves as the main measurement, and causes a significant change in the integrator output.
During this period, the bus voltage is sampled at the midpoint.

Upon the completion of the main measurement at 320 ns after the midpoint, the chopper is disabled and quickly
thereafter the current injection is stopped. A 700 ns waiting period follows, during which the ringing does not affect
the output.

After the waiting period, at 1020 ns after the midpoint, the chopper is configured for passing the inverted signal.
This serves to complete the reference sample, further suppressing interference from the bulk current.

A 300 ns integration period completes the measurement. At 1320 ns after the midpoint the chopper is disabled.
The input switches are also disabled, which protects the input amplifier from the large voltages at the switching node.
The output signal is sampled, from which the current at the midpoint is estimated using [ = V,, /7.

Finally, the reset signals are asserted to bring the system back to its initial state.

All'in all, the measurement takes about 2.64 ps, of which 1.2 ys falls within the main integration window.

3.7.2. Post-processing
The error compensation starts with the calculation of the offset due to inverter outputs:

3

AUds,inuert‘ers,i = Vpus "1 - Z O — 0; (328)
k=1

In which o; € {0, 1} is the unitless output state of inverter with index i € {1, 2, 3} during the measurement window, V;,,
is the measured bus voltage in V, and n;, is the unitless estimated motor to lead inductance voltage division ratio. The
second step is the calculation of the offset due to back-EMF:

3
Avgspack—emri =ML\ 3 Vback—EMF,i — z Vback—EMF k (3.29)
=1

In which vpgck—gmr, is the back-EMF of phase i in V. The current is then estimated using:

- 1-2-0;)- IA/ds - Avds,in:erters,i — AVgs pack—EMF,i —(1=2-0)- Iinj (3.30)

In which the first (1 — 2 - 0;) factor is used to ensure positive voltages are measured from the output to the supply
rail for both the top and bottom switching device, despite the different assignment of the noninverting and inverting
measurement terminals. I;,; is the magnitude of the injected current in A.

Motor to lead inductance division estimation

In order to estimate the motor to lead inductance voltage division ratio n;, a 2nd order polynomial p;(n) is least-
squares fitted to the 50 samples before a state transition at sample n;,4nsition ON €ither other inverter. The estimated
inductance voltage division ratio is then given by:

N _ (iraw (ntransition) —Di (ntransition)) - (ntransition)
nL,raw - % A
bus " A0

(3.31)

In which i,4,, indicates the current estimate without compensating for lead inductance voltage offsets, and the bracket
number indicates that the value is taken at that sample and Ao indicates the state transition of the other inverter, being
—1 when it goes low and 1 when it goes high. The estimates are then 1-st order IIR filtered to suppress noise.

Back-EMF estimation
A good estimate of the winding inductance L,, of the motor can be made through combining the inductance ratio with
an estimate of the lead inductance Zp:

Ly~ 2 3.32

w3 (3.32)
Since the lead inductance has no core and a fixed geometry, it serves as a relatively stable reference against which
to measure the relatively unstable motor inductance. Then, the constitutive relationship of an inductor is used to
estimate the voltage:

. Al(n)
bw =

L —i(h-1)

(3.33)
In which D is the unitless output duty cycle and i; is an intermediate current estimate, in which the offset due to
back-EMF is not subtracted. This prevents potentially unstable coupling between the back-EMF estimate and com-
pensation.

= AV (n) =D (M) Vpyus M) = Vhack—emr M) = Vigek—gmr () =D (n) - Viyys (n) — zw :
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Verification

4.1. Methods

The proposed method was tested using a single-phase electrical analogue of a motor driver system. This consists of
two 48V 60 A inverters applying a sinusoidal current through a 62 uH inductor. The inductor simulates the inductive
behaviour of the motor and its parasitic 130 m( resistance simulates the back-EMF. Since two inverters are used, the
load current can circulate back to a 4.4 mF capacitor bank at the input supply in a Power In Loop (PIL) fashion, reducing
the input power requirements. It also simulates the switching dynamics found in motor drivers. A reference current
measurement is performed using a conventional 200 yQ phase shunt resistor and INA240 current sense amplifier.
This measurement is also used to control the current using a P-controller. An implementation of the proposed method

is connected to one of the inverters, with an input noise of 1.7 nV+vHz 1, an injected current of I;,; = 0.75A, an
integration length of 600 ns, a zero time of 700 ns, and an update rate of once per cycle at 40 kHz. With a 3.3V
power supply, this would correspond to an injected power of 129 mW. Both the current estimation and the power
stage are controlled and monitored by a microcontroller, which streams its measurements to a host computer over
USB. The setup was realised in Printed Circuit Board Assembly (PCBA) technology and is illustrated in figure 4.1. The
power stage was implemented on a daughterboard for added flexibility, as shown in figure 4.2. To address excessive
coupling between the instrumentation 5V power supply and input stage, the power supply was replaced by a lab
power supply. The 12V power supply was connected by = 5 cm wires to reduce inductive coupling. Furthermore, the
integrated inductors were shorted and an external load inductor used for greater flexibility.
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Figure 4.1: Floorplan of the main test setup PCBA.
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Figure 4.2: Floorplan of the power stage PCBA. Not to scale with main PCBA.

4.2. Experimental results

The test platform was used to generate a 100 Hz 109 A pk-pk sine current through the load for a period of 28 s. The lead
inductance of the reference shunt and switching device were corrected using the method described in section 3.1.2.
As shown in figure 4.3, the lead inductance of the reference measurement was especially significant.

40 e Compensated e Compensated
e Measurements — o Measurements
% 20 | —e—  Prediction 5] —e—  Prediction
E
=
o $of
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(a) Switching device (L, ~ 90 pH) (b) Reference shunt (L, ~ 759 pH)

Figure 4.3: The parasitic inductance of the reference shunt had a significant effect before compensation.

The power stage and load were not actively cooled. The power stage was also heated by applying 200 °C hot air to
its heat sink using a hot air gun. The resulting estimated resistance profiles are shown in figure 4.4.
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Figure 4.4: Both the parasitic resistance of the inverter under test and the load inductance experienced significant increases.

35



4.2.1. The proposed method achieves the required performance
As shown in figure 4.5, the current estimated by the proposed method closely tracks the reference measurements.
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Figure 4.5: The current estimated by the proposed method closely tracks the reference measurement despite fluctuations in channel resistance.

As illustrated in figure 4.6 the RMSE of 0.536 A consists of a 80 mA offset, a —0.146 % gain error, and a residual error
with a roughly bell-shaped distribution and standard deviation of 0.508 A.
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Figure 4.6: The errors are dominated by a roughly normally distributed stochastic error.

4.2.2. Coupling from injection to input requires compensation

The resistance estimation was compared to a reference measurement based on the correlation between the voltage
and reference current in one period of the load current. The correlation is illustrated in cyan within figure 4.7, along
with several other datasets in other colors. There are significant gain errors ranging from —6 % to 0.2 % and offsets
ranging from 57 uf to 119 uQ. The error at 1 mQ seems to be more consistent, within 60 uQ + 10 Q.
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Figure 4.7: There are significant offset and gain errors in the resistance  Figure 4.8: The gain errors change over datasets, suggesting missing
measurement. state information.
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There are several candidate explanations of the offset. One could be that there is insufficient suppresion of the
common mode ground bounce caused by the current injection. However, this is not consistent with the measured
robustness against bus voltage fluctuations described in section 4.2.3. The error could also be explained by inductive
voltage division of the voltage over the load resistor. However, this would require a roughly 3 nH parasitic inductance,
which is inconsistent with the small voltage jumps in figure 4.3. There is the possibility that some kind of magnetic
coupling between the inverters cancels the effect of current ramps due to the supply voltage but not those due to
the back-emf in the load, but it is unlikely the matching would be good enough to suppress the voltage jumps to this
degree.

Three explanations have not yet been disproven.

First, there could be a difference in the current distribution of the load current compared to the injected current.
The addded resistance then come with its own temperature dependence and thus gain error. This is consistent with
the relative stability of the offset at a ground truth resistance of 1 mQ.

Another idea is that there is significant coupling between the current injections tage and the input stage. There is
some common loop area between the injecting current path and the voltage sensing current path, so that inductive
coupling is a real possibility. Since this coupling is mainly geometry-dependent, it can be expected to be stable over
multiple units, time, and temperature so that it can be compensated by a single point calibration at design time.

Finally, a problem in the test setup cannot be ruled out. In fact, there is some evidence to support this idea. There
is a slight nonlinearity to the measurements, which correspond to changing gain errors figure 4.8. Since the gain
errors are different in each dataset, this suggests there is state information in the measurement setup that alters the
measurement results. This support the idea that there is unintended behaviour, such as temperature ramps affecting
the gain of measurement circuitry.

More research will be needed to find the exact cause of the offset and gain error. However, since the offset is
relatively stable, it can be compensated. Hence, a compensation by 60 uQ has been applied for the measurement
results in this chapter. Since the gain error only affects the difference with the room temperature resistance, the
current estimate shows acceptable performance even without resolving this problem.

4.2.3. The high-side has differential-mode interference

Estimating currents through the high side switching device is desirable because it would enable support for measuring
over the full duty cycle range. High-side shunt measurements have been described in industry literate [10, 11], where
the additional benefit of detecting fault currents is noted. However, the measurement quality of high side resistance
estimation was tested to be much poorer then at the low side.

One explanation is that the common mode suppresion is unsufficient for the wider voltage fluctuations on the
higher-impedance bus voltage. However, this is not reflected in the data. When the inputs were shorted to the bus
voltage, the mean error became significantly lower than during nominal operation without load, even when a load was
added. This is shown in figure 4.9. Hence, there is a bigger error component than insufficient suppresion of common
mode interference. Interference from Switch-Mode Power Supplys (SMPSs) may be that error source. When they
are removed from the bus, the error becomes significantly lower than nominal as shown in figure 4.9. This suggests
that common mode fluctuations in bus voltage due to inteference from the SMPSs generate differential-mode currents
through the switching device because of parasitic impedances at the switch node. Because the interference is not
synchronous with the resistance estimation, it does not get suppressed by the down-up-up-down pulse. Since the
copper planes in the power stage circuit board are ground-referenced the parasitics from the switching node to ground
are much larger than the parasitics from the switching node to the supply, so that this error is much stronger for the
high side.
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Figure 4.9: High side error distribution over various conditions. Results  Figure 4.10: The resistance error varies with inverter state. First digit is
without load, except for 10 A pk-pk load with shorted inputs. inverter under test, second is load inverter.
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4.2.4. The loading inverter state influences the noise of the measurement

As shown in figure 4.10, the state of the loading inverter changes the resistance error distribution of the inverter under
test. One explanation could be that when the the inverters have opposite states, fluctuations in the bus voltage can
more easily couple to the parasitic resistance of the inverter under test, as a path through the load inductance is
created. Yet, the data shows that the resistance error increases when the loading inverter is high, no matter the state
of the inverter under test.

The effect of the load inverter can also be seen from the average resistance over each period of the load current
shown in figure 4.11. A fast roughly +0.5 % fluctuation can be seen in the first half of the signal, where the load inverter
is high. The fluctuation in the resistance is correlated with a corresponding error in the average current. As illustrated,
it seems to be correlated with the derivative of the bus voltage.
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Figure 4.11: Without chopping, there is a significant resistance error.

The observations suggest there may be some type of magnetic coupling of the differential mode error currents de-
scribed in section 4.2.3. More research would be needed to determine the exact cause of the effect. Fortunately, it is
small enough not to hamper operation.

4.2.5. Robustness is improved by system chopping

There was an unexpectedly large amount of coupling between the power stage and the measurement circuitry, causing
significant voltage fluctuations over the ground plane of the measurement circuitry. This large interference was not
adequately suppressed by the use of differential signaling and the chosen measurement pulse. It was adressed
by system chopping, where the duty cycle was fixed for two samples, with opposing polarity of the injected current
in each. This provided an additional degree of rejection of common mode signal. Figure 4.12 shows the average
contribution of the common mode component, which is supressed by the chopping scheme. It can be seen that the
system chopping scheme greatly reduces error.
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Figure 4.12: Without chopping, there is a significant resistance error.
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Conclusion

This work introduced an approach to Vds current sensing that has sufficient fidelity for closed-loop current control of
small electric motors while not requiring the high-cost production processes or components that have traditionally been
required. An online calibration scheme of the resistance was proposed based on measurements of the small-signal
resistance through the injection of down-up-up-down current pulses at the switching node. Following single-point
calibration, a prototype PCBA achieved a RMSE of 0.536 A at 109 A pk-pk during a 20 % ramp in channel resistance.

However, there are several challenges that must be addressed before practical application. The origin of offset and
gain errors in the resistance measurement has not yet been confirmed, along with a +0.5 % resistance fluctuation when
the load inverter is in a high state. Furthermore, the miniaturisation of the measurement circuitry into an integrated
circuit has not yet been thoroughly explored.

Fortunately, several results were found that may help tackle these challenges. First, the dynamics of the tempera-
ture dependency were shown to be slow. This means that future work could trade bandwidth for a higher noise budget.
Second, it was shown that the current injection could have highly resistive behaviour, to the point where it could be
implemented with only a switched resistance. This gives future efforts considerable design freedom, including the
ability to inject long current pulses without a power penalty. Finally, many error sources were analytically modelled,
easing future tradeoff studies.

In conclusion, this work demonstrated the viability of integrating precision current sensing and resistance moni-
toring into smart gate drivers and provides a solid foundation for future efforts. With continued refinement and further
investigation, the benefits of integration could be brought to motor drivers in a wide range of applications.

39



Bibliography

[1]1 Marco Palma. GaN Devices for Motor Drive Applications, October 2021. URL https://lwww.
powerelectronicsnews.com/gan-devices-for-motor-drive-applications/.

[2] Jens Wallmann. How to Integrate GaN Power Stages for Efficient Battery-Powered
BLDC Motor Propulsion Systems, February 2023. URL https://www.digikey.nl/en/articles/
how-to-integrate-gan-power-stages-for-efficient-battery-powered-bldc-motor-propulsion-systems.

[3] Zbigniew Gmyrek. Optimal Electric Motor Designs of Light Electric Vehicles: A Review. Energies, 17(14):3462,
January 2024. ISSN 1996-1073. doi: 10.3390/en17143462. URL https://www.mdpi.com/1996-1073/17/14/
3462. Number: 14 Publisher: Multidisciplinary Digital Publishing Institute.

[4] Dhaval Joshi, Dipankar Deb, and S. M. Muyeen. Comprehensive Review on Electric Propulsion System
of Unmanned Aerial Vehicles. Frontiers in Energy Research, 10, May 2022. ISSN 2296-598X. doi: 10.
3389/fenrg.2022.752012. URL https://www.frontiersin.org/journals/energy-research/articles/10.3389/
fenrg.2022.752012/full. Publisher: Frontiers.

[5] Issa Batarseh and Ahmad Harb. Review of Switching Concepts and Power Semiconductor Devices. In Issa
Batarseh and Ahmad Harb, editors, Power Electronics: Circuit Analysis and Design, pages 25-91. Springer
International Publishing, Cham, 2018. ISBN 978-3-319-68366-9. doi: 10.1007/978-3-319-68366-9_2. URL
https://doi.org/10.1007/978-3-319-68366-9_2.

[6] Power electronics handbook. Elsevier/Butterworth-Heinemann, Oxford, UK, fourth edition edi-
tion, 2018. ISBN 978-0-12-811407-0. URL https://lwww.sciencedirect.com/book/9780128114070/
power-electronics-handbook. OCLC: 1126643480.

[7]1 Silvio Ziegler, Robert C. Woodward, Herbert Ho-Ching lu, and Lawrence J. Borle. Current Sensing Techniques:
A Review. IEEE Sensors Journal, 9(4):354-376, April 2009. ISSN 1558-1748. doi: 10.1109/JSEN.2009.
2013914. Conference Name: IEEE Sensors Journal.

[8] Asha Patel and Mehdi Ferdowsi. Current Sensing for Automotive Electronics—A Survey. IEEE Transactions on
Vehicular Technology, 58(8):4108—4119, October 2009. ISSN 1939-9359. doi: 10.1109/TVT.2009.2022081.
Conference Name: |IEEE Transactions on Vehicular Technology.

[9] H.P. Forghani-zadeh and G.A. Rincon-Mora. Current-sensing techniques for DC-DC converters. In The 2002
45th Midwest Symposium on Circuits and Systems, 2002. MWSCAS-2002., volume 2, pages II-Il, August 2002.
doi: 10.1109/MWSCAS.2002.1186927.

[10] Jason Bridgmon and Carolus Andrews. SBOA172: Current Sensing for Inline Motor-Control Applications, Octo-
ber 2016. URL https://www.ti.com/lit/an/sboa172/sboa172.pdf.

[11] Nicolas Aupetit. AN5423: Current sensing in BLDC motor applications, January 2020. URL https://www.st.com/
resource/en/application_note/an5423-current-sensing-in-bldc-motor-application-stmicroelectronics.
pdf.

[12] AN14164: Current Sensing Techniques in Motor Control Applications, 2024. URL https://www.nxp.com/docs/
en/application-note/AN14164.pdf.

[13] XtremeSense™ TMR Current Sensor with Ultra-Low Noise and <1% Total Error, December 2023. URL https:
lleu.mouser.com/datasheet/2/1115/Allegro_DS_CT415_Datasheet_GS_FINAL_R2v1-3441075.pdf.

[14] SMT Current Sense Transformers ER11 PAS/PMS6322. XXXNLT SERIES, March 2023. URL https://eu.
mouser.com/datasheet/2/447/datasheet_p919_1680121731-2903344.pdf.

[15] WSKWO0612: Power Metal Strip Resistors, High Power, Surface-Mount, 4-Terminal, April 2024. URL https:
Ilwww.vishay.com/docs/30332/wskw0612.pdf.

[16] Demonstration Board EPC9173 Quick Start Guide: 1.5kW, 3-phase BLDC Motor Drive Inverter using
the EPC23101 integrated circuit, 2022. URL https://epc-co.com/epc/Portals/0/epc/documents/guides/
EPC9173_qsg.pdf.

40


https://www.powerelectronicsnews.com/gan-devices-for-motor-drive-applications/
https://www.powerelectronicsnews.com/gan-devices-for-motor-drive-applications/
https://www.digikey.nl/en/articles/how-to-integrate-gan-power-stages-for-efficient-battery-powered-bldc-motor-propulsion-systems
https://www.digikey.nl/en/articles/how-to-integrate-gan-power-stages-for-efficient-battery-powered-bldc-motor-propulsion-systems
https://www.mdpi.com/1996-1073/17/14/3462
https://www.mdpi.com/1996-1073/17/14/3462
https://www.frontiersin.org/journals/energy-research/articles/10.3389/fenrg.2022.752012/full
https://www.frontiersin.org/journals/energy-research/articles/10.3389/fenrg.2022.752012/full
https://doi.org/10.1007/978-3-319-68366-9_2
https://www.sciencedirect.com/book/9780128114070/power-electronics-handbook
https://www.sciencedirect.com/book/9780128114070/power-electronics-handbook
https://www.ti.com/lit/an/sboa172/sboa172.pdf
https://www.st.com/resource/en/application_note/an5423-current-sensing-in-bldc-motor-application-stmicroelectronics.pdf
https://www.st.com/resource/en/application_note/an5423-current-sensing-in-bldc-motor-application-stmicroelectronics.pdf
https://www.st.com/resource/en/application_note/an5423-current-sensing-in-bldc-motor-application-stmicroelectronics.pdf
https://www.nxp.com/docs/en/application-note/AN14164.pdf
https://www.nxp.com/docs/en/application-note/AN14164.pdf
https://eu.mouser.com/datasheet/2/1115/Allegro_DS_CT415_Datasheet_GS_FINAL_R2v1-3441075.pdf
https://eu.mouser.com/datasheet/2/1115/Allegro_DS_CT415_Datasheet_GS_FINAL_R2v1-3441075.pdf
https://eu.mouser.com/datasheet/2/447/datasheet_p919_1680121731-2903344.pdf
https://eu.mouser.com/datasheet/2/447/datasheet_p919_1680121731-2903344.pdf
https://www.vishay.com/docs/30332/wskw0612.pdf
https://www.vishay.com/docs/30332/wskw0612.pdf
https://epc-co.com/epc/Portals/0/epc/documents/guides/EPC9173_qsg.pdf
https://epc-co.com/epc/Portals/0/epc/documents/guides/EPC9173_qsg.pdf

[17] Chucheng Xiao, Lingyin Zhao, T. Asada, W.G. Odendaal, and J.D. van Wyk. An overview of integratable current
sensor technologies. In 38th IAS Annual Meeting on Conference Record of the Industry Applications Conference,
2003., volume 2, pages 1251-1258 vol.2, October 2003. doi: 10.1109/1IAS.2003.1257710.

[18] DRV8302 Three Phase Gate Driver With Dual Current Shunt Amplifiers and Buck Regulator — Hardware Con-
trolled, August 2011. URL https://www.ti.com/lit/ds/symlink/drv8302.pdf.

[19] Wei Jia Zhang, Jingshu Yu, and Wai TungNg. Smart Gate Driver ICs for GaN Power Transistors. In 2019 IEEE
13th International Conference on ASIC (ASICON), pages 1—4, October 2019. doi: 10.1109/ASICON47005.
2019.8983677. URL https://ieeexplore.ieee.org/document/8983677. ISSN: 2162-755X.

[20] Nicole Navinsky. Smart Gate Drive White Paper, July 2019. URL https://www.ti.com/lit/wp/slvae70/slvae70.
pdf.

[21] Mohsen Asoodar, Mehrdad Nahalparvari, Simon Schneider, Iman Shafikhani, Gunnar Ingestrom, and Hans-
Peter Nee. A Novel ON-State Resistance Estimation Technique for Online Condition Monitoring of Semicon-
ductor Devices Under Noisy Conditions. IEEE Open Journal of Instrumentation and Measurement, 3:1-13,
2024. ISSN 2768-7236. doi: 10.1109/0JIM.2024.3379414. URL https:/lieeexplore.ieee.org/document/
10479961/?arnumber=10479961&tag=1. Conference Name: |IEEE Open Journal of Instrumentation and Mea-
surement.

[22] Chi Yat Leung, P.K.T. Mok, and Ka Nang Leung. A 1.2V buck converter with a novel on-chip low-voltage current-
sensing scheme. In 2004 IEEE International Symposium on Circuits and Systems (ISCAS), volume 5, pages
V-V, May 2004. doi: 10.1109/ISCAS.2004.1329935.

[23] Miodrag Nikoli¢, Reinhard Enne, Bernhard Goll, and Horst Zimmermann. Nonlinear Current Control for Power
Electronic Converters: IC Design Aspects and Implementation. IEEE Transactions on Power Electronics, 28
(11):4910-4916, November 2013. ISSN 1941-0107. doi: 10.1109/TPEL.2013.2248066. Conference Name:
IEEE Transactions on Power Electronics.

[24] Vratislav Michal. Absolute Value, 1% Linear and Lossless Current-Sensing Circuit for the Step-Down DC-DC
Converters With Integrated Power Stage. IEEE Journal of Solid-State Circuits, 49(5):1256-1270, May 2014.
ISSN 1558-173X. doi: 10.1109/JSSC.2014.2309696. Conference Name: IEEE Journal of Solid-State Cir-
cuits.

[25] Michael Hanhart, Soheil Aghaie, Stefan Dietrich, Tobias Zekorn, Ralf Wunderlich, and Stefan Heinen. A 16.5 W
Single-Inductor 4-Channel Multi-Color Output DC-DC Buck LED Driver with Digital Control and 96 % Efficiency. In
ESSCIRC 2018 - IEEE 44th European Solid State Circuits Conference (ESSCIRC), pages 118-121, September
2018. doi: 10.1109/ESSCIRC.2018.8494324. ISSN: 1930-8833.

[26] Warren Schultz. Understanding SENSEFETs, 1988. URL http://www.bitsavers.org/components/motorola/
_appNotes/AN-1001_Understanding_SENSEFETs.pdf.

[27] S. Yuvarajan and Lu Wang. Performance analysis and signal processing in a current sensing power MOSFET
(SENSEFET). pages 1445-1450, 1991. ISBN 978-0-7803-0453-6.

[28] Y. Xiao, J. Cao, J.D. Chen, and K. Spring. Current sensing trench power MOSFET for automotive applications.
In Twentieth Annual IEEE Applied Power Electronics Conference and Exposition, 2005. APEC 2005., volume 2,
pages 766—770 Vol. 2, March 2005. doi: 10.1109/APEC.2005.1453061. ISSN: 1048-2334.

[29] Wenkang Huang, Danny Clavette, and Mudassar Khatib. A More Accurate Power MOSFET Current Mirror
Sensing Scheme in Synchronous Buck Converters. In 2021 IEEE Applied Power Electronics Conference and
Exposition (APEC), pages 506-512, June 2021. doi: 10.1109/APEC42165.2021.9487040. ISSN: 2470-
6647.

[30] Evan Reutzel, Rengeng Chen, Scott Ragona, and David Jauregui. An integrated current sense technique for
multiphase buck converters to improve accuracy and reduce solution footprint. In 2013 Twenty-Eighth Annual
IEEE Applied Power Electronics Conference and Exposition (APEC), pages 1254—-1258, March 2013. doi: 10.
1109/APEC.2013.6520460. ISSN: 1048-2334.

[31] Rok Pajer, Miran Rodi¢, and Miro Milanovi€. Evaluation of MOS-FET RDSon resistance for current measurement
purposes in power converter’s applications. In 2015 International Conference on Electrical Drives and Power
Electronics (EDPE), pages 503-508, September 2015. doi: 10.1109/EDPE.2015.7325345. ISSN: 1339-
3944.

41


https://www.ti.com/lit/ds/symlink/drv8302.pdf
https://ieeexplore.ieee.org/document/8983677
https://www.ti.com/lit/wp/slvae70/slvae70.pdf
https://www.ti.com/lit/wp/slvae70/slvae70.pdf
https://ieeexplore.ieee.org/document/10479961/?arnumber=10479961&tag=1
https://ieeexplore.ieee.org/document/10479961/?arnumber=10479961&tag=1
http://www.bitsavers.org/components/motorola/_appNotes/AN-1001_Understanding_SENSEFETs.pdf
http://www.bitsavers.org/components/motorola/_appNotes/AN-1001_Understanding_SENSEFETs.pdf

[32] Ligi Zzhang, Pengkun Liu, Suxuan Guo, and Alex Q. Huang. Comparative study of temperature sensitive electrical
parameters (TSEP) of Si, SiC and GaN power devices. In 2016 IEEE 4th Workshop on Wide Bandgap Power
Devices and Applications (WiPDA), pages 302—307, November 2016. doi: 10.1109/WiPDA.2016.7799957.
URL https://ieeexplore.ieee.org/document/7799957.

[33] Burhan Etoz, Jose Ortiz Gonzalez, Arkadeep Deb, Saeed Jahdi, and Olayiwola Alatise. Impact of threshold
voltage shifting on junction temperature sensing in GaN HEMTs. In 2022 24th European Conference on Power
Electronics and Applications (EPE’22 ECCE Europe), pages P.1-P.9, September 2022.

[34] Laurent Dupont and Yvan Avenas. Evaluation of thermo-sensitive electrical parameters based on the forward
voltage for on-line chip temperature measurements of IGBT devices. In 20714 IEEE Energy Conversion Congress
and Exposition (ECCE), pages 4028-4035, September 2014. doi: 10.1109/ECCE.2014.6953950. ISSN:
2329-3748.

[35] Yang Zhang, R. Zane, A. Prodic, R. Erickson, and D. Maksimovic. Online calibration of MOSFET on-state
resistance for precise current sensing. IEEE Power Electronics Letters, 2(3):100-103, September 2004. ISSN
1558-3767. doi: 10.1109/LPEL.2004.839635. Conference Name: IEEE Power Electronics Letters.

[36] Kazuki Itoh, Masakazu Muraguchi, and Tetsuo Endoh. High accurate and low loss current sensing method with
novel current path narrowing method for DC-DC converters and its demonstration. In 2016 IEEE International
Telecommunications Energy Conference (IN[1EC), pages 1-6, October 2016. doi: 10.1109/INTLEC.2016.
7749132.

[37] Zdravko Lukic, Zhenyu Zhao, S. M. Ahsanuzzaman, and Aleksandar Prodic. Self-Tuning Digital Current Estimator
for Low-Power Switching Converters. In 2008 Twenty-Third Annual IEEE Applied Power Electronics Conference
and Exposition, pages 529-534, February 2008. doi: 10.1109/APEC.2008.4522772. ISSN: 1048-2334.

[38] Shadi Dashmiz, Behzad Mahdavikhah, Aleksandar Prodic, Brent McDonald, and Jeffrey Morroni. A hardware-
efficient self-tuned output capacitor current and time constant estimator for indirect energy transfer converters
based on dynamic voltage slope adjustment. In 2016 18th European Conference on Power Electronics and
Applications (EPE’16 ECCE Europe), pages 1-8, September 2016. doi: 10.1109/EPE.2016.7695680.

[39] G. Garcea, S. Saggini, D. Zambotti, and M. Ghioni. Digital auto-tuning system for inductor current sensing in
VRM applications. In Twenty-First Annual IEEE Applied Power Electronics Conference and Exposition, 2006.
APEC °06., pages 6 pp.—, March 2006. doi: 10.1109/APEC.2006.1620583. ISSN: 1048-2334.

[40] Kausik Biswas and Olive Ray. Calibration Method of Equivalent Series Resistance Parameter for Nonintrusive
Current Sensors Used in DC-DC Power Electronic Converters. |[EEE Sensors Letters, 6(9):1-4, September
2022. ISSN 2475-1472. doi: 10.1109/LSENS.2022.3200836. Conference Name: IEEE Sensors Letters.

[41] Seyed Danesh, William Holland, George R. Spalding, Michael Guidry, and J. E. D. Hurwitz. An Energy Measure-
ment Frontend With Integrated Adaptive Background Accuracy Monitoring of the Full System Including the Cur-
rent and Voltage Sensors. IEEE Journal of Solid-State Circuits, 54(12):3269-3280, December 2019. ISSN 1558-
173X. doi: 10.1109/JSSC.2019.2943109. URL https://ieeexplore.ieee.org/document/8867973. Confer-
ence Name: IEEE Journal of Solid-State Circuits.

[42] Zhong Tang, Nandor G. Toth, Roger Zamparette, Tomohiro Nezuka, Yoshikazu Furuta, and Kofi A. A. Makinwa.
23.2 A 40A Shunt-Based Current Sensor with +0.2% Gain Error from —-40°C to 125°C and Self-Calibration.
In 2023 IEEE International Solid-State Circuits Conference (ISSCC), pages 348-350, February 2023. doi:
10.1109/ISSCC42615.2023.10067304. URL https://lieeexplore.ieee.org/abstract/document/10067304.
ISSN: 2376-8606.

[43] Richard Ravasz, Adam Hudec, Daniel Arbet, and Viera Stopjakova. On-Chip Current Sensing Approaches for
DC-DC Converters. In 2022 25th International Symposium on Design and Diagnostics of Electronic Circuits and
Systems (DDECS), pages 64—67, April 2022. doi: 10.1109/DDECS54261.2022.9770112. ISSN: 2473-2117.

[44] Infineon. IPTO1ONO8NMS Datasheet, December 2020. URL https://www.infineon.com/dgdl/
Infineon-IPT0O10NO8NMS5-DataSheet-v02_00-EN.pdf.

[45] EPC. EPC2031 Datasheet, 2020. URL https://epc-co.com/epc/Portals/0/epc/documents/datasheets/
EPC2031_datasheet.pdf.

[46] Jiadong Lu, Yihua Hu, and Jinglin Liu. Analysis and Compensation of Sampling Errors in TPFS IPMSM
Drives With Single Current Sensor. IEEE Transactions on Industrial Electronics, 66(5):3852—-3855, May 2019.
ISSN 1557-9948. doi: 10.1109/TIE.2018.2838114. URL https://ieeexplore.ieee.org/abstract/document/
8365140. Conference Name: |IEEE Transactions on Industrial Electronics.

42


https://ieeexplore.ieee.org/document/7799957
https://ieeexplore.ieee.org/document/8867973
https://ieeexplore.ieee.org/abstract/document/10067304
https://www.infineon.com/dgdl/Infineon-IPT010N08NM5-DataSheet-v02_00-EN.pdf
https://www.infineon.com/dgdl/Infineon-IPT010N08NM5-DataSheet-v02_00-EN.pdf
https://epc-co.com/epc/Portals/0/epc/documents/datasheets/EPC2031_datasheet.pdf
https://epc-co.com/epc/Portals/0/epc/documents/datasheets/EPC2031_datasheet.pdf
https://ieeexplore.ieee.org/abstract/document/8365140
https://ieeexplore.ieee.org/abstract/document/8365140

[47]

[48]

[49]

[50]

Thomas Foulkes, Tomas Modeer, and Robert C. N. Pilawa-Podgurski. Quantifying Dynamic On-State Resistance
of GaN HEMTs for Power Converter Design via a Survey of Low and High Voltage Devices. IEEE Journal of
Emerging and Selected Topics in Power Electronics, 9(4):4036—4049, August 2021. ISSN 2168-6777, 2168-
6785. doi: 10.1109/JESTPE.2020.3024930. URL https://ieeexplore.ieee.org/document/9201076/.

Leon W. Couch. Digital & Analog Communication Systems: International Edition. Pearson,
8 edition, March 2013. ISBN 978-0-273-77422-8. URL https://123library.org/book/266175/
digital-analog-communication-systems-international-edition. Pages: 1-792.

Behzad Razavi. Design of analog CMOS integrated circuits. McGraw-Hill Education, New York, NY, second
edition edition, 2016. ISBN 978-0-07-252493-2 978-1-259-25509-0. Section: xviii, 782 pages : illustrations ; 27
cm.

Jiann-Jong Chen, Ho-Cheng Lin, Che-Min Kung, Yuh-Shyan Hwang, and Juing-Huei Su. Integrated Class-D
Amplifier With Active Current Sensing Suitable for Alternating Current Switches. IEEE Transactions on Industrial
Electronics, 55(8):3141-3149, August 2008. ISSN 1557-9948. doi: 10.1109/TIE.2008.921249. Conference
Name: IEEE Transactions on Industrial Electronics.

43


https://ieeexplore.ieee.org/document/9201076/
https://123library.org/book/266175/digital-analog-communication-systems-international-edition
https://123library.org/book/266175/digital-analog-communication-systems-international-edition

Selected derivations

A.1. Small-signal source resistance acts as drain resistance in triode region
Section 2.2.3 discusses the need to include the source and drain resistance into the model of the mosfet on-resistance
gate voltage dependency. The resistance at the drain does not affect the gate-source voltage and thus adds to the
device resistance. However, since the source resistance does affect the gate-source voltage, it is not obvious that it
also adds linearly. The derivation below shows that it does.

Given a source resistance Rg:

Ip = % “UCox - ((qu — IpRs = Vin) - (Vas — IpRs) — M) = (A1)
= ¥ HCo ((I{M ~IpRs) - (Vas —Ip - Rs) — M) = (A2
= ¥ “UCox - (VgtVds +15 - R§ — IpRs - (Ve + Vas) — (V%ZS — VaslaRs + @)) = (A.3)
- Lo (s - &+ BE 1oy, = (a9
=7 s (%tvds U (leDRs L )) (A5)

In which V;; = Vs — V. Then from implicit differentiation:

1= U (@%Lﬁ; ~Vas - %VT‘; = (Vge = IoRs) - Rs) (A-0)
So that for small V;; —» 0 where I, — 0:
1= 4 “HCox <V9t% - VqtRS) = k= e = w . +Rs (A7)
L dlp olp 7 HCox Vgt

Hence, both the drain and source resistances add linearly.

A.2. The error due to temperature ramps has an upper bound
Switching device have thermal models that are usually specified as an equivalent circuit consisting of a concatenation
of RC filters. First, observe that removing power flow to subsequent stages creates a more pessimistic estimate, since
it causes more power to flow through the same impedance. Then an upper bound can found if all the power flows
through only the first RC stage:
1
AT, <P | ——+R A.8
max,0 max (Atsample,R - C, 0) ( )
In which B4, is the maximum power dissipated by the switch in W, Atgampie & IS the time between resistance samples
in's, R, is the resistance of the first stage in Q, and C, is the capacitance of the first stage in F. A similar bound can be
found for the second and subsequent RC stages. Notice that the temperature on any node cannot exceed the next
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node by more than B, - R,,, since at most the full power can flow through the thermal resistance. These observations
give rise to a family of upper bounds:

1

ATmax,i < Pmax : + Z Rk (A9)

i
Atsample,R : Zk=o Ck k=0

In which the R; and C; correspond to the resistances and capacitances of each stage, and the capacitances of prior
stages could be summed to the capacitance of the stage under consideration since they are charged to at least the
same temperature as stage k. This makes considering a parallel connection a pessimistic assumption. The maximum
temperature ramp is then obtained through finding the minimum of the bounds. The maximum resistance error can
then be found via the maximum relative temperature coefficient:

OR

Aithermal < <_> : m_in Pmax :
or max :

1

S Z Ry (A.10)
Atsample,R : Zk:o Ck k=0

A.3. The variation in the resistance is slow compared to the measurement

period
The temperature has a significant third harmonic. In the worst case, all of the temperature variation is in this harmonic,
and a sample is taken on its peak. Then the peak uncompensated resistance error is:

-1
AR (1 0RY\ ATy 1 0R\ ATy 2 _2 | AR/R [(104R
7—(Ea—r> g (Cos@eD =Dx{gor )=y G = eT=3 a0 = \ror

For the worst case, in a low thermal resistance device at a high frequency:

2 1 -1 -1
- ° . 0p =
WT 5 3 J1°c (0.01°C™") - 01% =02

Which for f; > 6f,, does not pose a restriction for the measurement period.

A.4. ltis always possible to construct a signal orthogonal to any polynomial

of a given order
A generative inductive proof will now be given for the fact that there is an infinite choice of §i(t) that are orthogonal
to any polynomial Py (&;t) of order N. First, observe that:

1. Py(@;t — At) = Py(a’; t): shifting a polynomial in time preserves order but changes coefficients.
2. a- Py(d@;t — At) = Py(a - @; t): scaling a polynomial preserves order but changes coefficients.

Now, observe that on symmetric intervals any even monomonial is orthogonal to point-symmetric functions:
T
fO=-f0= [ fo-okd _
-T

0 T
:f (@ - (tz)k dt +f (- (tz)k dt =
-T 0

0 T
=] rew- @) dus [ @ ()" a
T 0

T T
= —f f@) - (uz)k du +f f(t)- (tZ)" de =0
0 0
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Similarly, on symmetric intervals any odd monomonial is orthogonal to even functions:
T
O =00 == = | @t _
-T
0 T
=J f(t)-t"dt+j f(t)-tkde =
-T 0
0 X T
=—f fC-w) - (—w) du+f f(t) - thde =
T 0
0 T
=f f(u)-ukdu+f f()-tkde =
T 0

T T
=—J f(u)-ukdu+j f(t) - tkdt i
0 0

Hence, say a function f,,_; (t) with support t € {T,, T;}} is orthogonal to any polynomial B,_; (&; t) of order n—1. Then:

f_oo fa-1(®) - Poca (&5 1) dt = 0

Then the shift AT = — (T, + T;) /2 maps f,_; to a function f,,_, (t) that has a symmetric support t € {—T,T}}. Since
any shift or scaling in f can be transformed to a shift or scaling of the polynomial, which yields another polynomial,
any shifted or scaled version of f;,_; is also orthogonal to the polynomial. In particular, f,_,(t) is orthogonal to the
polynomial. Any polynomial of order N can be decomposed in a monomonial of order N and polynomial of order N —1.
There are two cases:

+ If the monomonial is even, the function f,, = f,_,(t + T) — f,,_.(T — t) is orthogonal to the monomonial (by the
first symmetry property), and to the polynomial of lower order (by definition of f,,_;). Hence, it is orthogonal to
the polynomonial of order N.

+ If the monomonial is odd, the function f, = f,,_,(t + T) + f,,_,(T — t) is orthogonal to the monomonial (by the
first symmetry property), and to the polynomial of lower order (by definition of f,,_;). Hence, it is orthogonal to
the polynomonial of order N.

Any function is orthogonal to a polynomial of order —1, as P_;(;t) = 0. Hence, by perfect mathematical induction,
there is an infinite set of Ai(t) which are orthogonal to the polynomial of order N.

A.5. Resistive current injection does not significantly degrade interference

robustness
The error due to the degradation of the orthogonality properties is given by:

[Lox(®) - 8i(e) de

Sip =
‘6 [ x(6) - 8x(t) dt

T ) T x(t) - v).. . de
e [px@® v@de  Jpx® LG PR (equation (3.13)

JTx(®) - si(e) dt JTox() - 8i(e) de

The monitored injected current is given by:

8i(t) = 6i(6)] g0y — Gvary * 1 (81O pyy) - IOR (equation (3.11))

First, observe that the error component is entirely due to the second term. Considering that 6i(t)| = 6i - x(t),

and taking 8i(t) = §i(t)|

G(£)=0

G(H)=0"

T .
5ig = f_TTx(t) 8- x(t)dt _si A1)
Jopx(t) - Sx(t)dt
1 x(®) - R(®) - (8i - x() + I()) de B JTox(®) - R(E) - (8i - x(0) + I()) dt

[Lx(®) - 8i - x(t) de [ x(6) - 8i - x(8) dt

AR = =0 (A.12)
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Then the error is due to the conductive component. In the worst case, the conductive component dominates the error,
which is given by:

ST x2(®) - =Gyary (8) - u (x(0) - I(O)R(E) dt

Sig = _
K [Tox(®) - 8x(6) dt
1 T
== %® Gy OROIO e (A13)
al-r
i = LX) RO (<Goary(®) - Ge(®) - IOR®) +1®) dt L x(0) -REW) - Glg -2 +1@) dt
J2r2(©) - =Goary (8) - u (x(0)) - I(OR(®) de [Lpx() - 8ig - x(6)dt
_ L x® RO - (<Goary® - %0 - IORO +1@®) dt [ x(0) RO - Gig - x© +1®) dt  _
JLr () - =Grary (£) - 22() - I(OR(E) dt S x(0) - =Gy (8) - 22(8) - I(OR(E) dt

L5 RO - (%20 Goary OIOR®) = x(0) - 7 [ %(8) - Goary ORI () dt) dt A
S22 () - Guary (8) - 2(6) - I(OR(E) dt '

In which x, (t) = u(x(t)) and a is the length of nonzero x(t). Taking x(t) = x,(t) — x4 (t):

e [2 Gea(®) = x1(©) - R - (x2(8) - Grary (DIOR(E) = (z(6) = %1(8)) - = 17 %2(8) - Goary (OR(OI(E) dit) dit
I3 Gea() = %1(5) - Guary (8) - x5(8) - I(OR(E) At
J7 Gea(®) = x1(8) - RE) - (%2(8) * Goary (DIEOR(E) = (2(8) = 21(8)) - 7 [ %2() - Goary (DR(D)I(£) d ) dt
J2r %2(8) - Goary (OR(OI() dt
L %(®) - Goary () RO 1) = RE) - (2(6) = 110D - 7 - ([ %2(8) - Goary (OROI(®) ) it
J2 22(8) - Goary (ORI () dt
_ [ 0® Gy O RO’ 1 1 (T

| R®)- () —x.(8)° dt =
[ 020 - Goary ORI dE @ J 70 Ca -2

2
RO %0 Gy OROIO e [ OR - (8i0]g) dt
Lr%2(®)  Goary ORI dt [ (8115 ,) de

(A.15)

The last term is the orthogonality relation to bulk resistance error, which is insignificant as explained in section 3.3.2.
The first term is the weighted average of the resistance over the monitored injected current. The error can be estimated
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using a small fluctuation model:

[ RE®) - %2(8) - Guary ORI dt
77 %20 - Gpary (ORDI() dt
_ [ R+ 8R®) - %2(8) - (Goary + 8Goary(®) - (R + 6R(®)) - U+ AI(®)) dt
5 %2(®) - (Goary + 8Gyary (©) - (R + 8R()) - (I + AI(®)) dt
f R (GyaryRI + GyaryRAI + 8Gyary (ORI + 2GyarySR(O)] + 8Gyary (ORAI(E) + 2Gyary SR(DAI(L)) de
f (GuaryRI + GparyRAI + §Gyary (DRI + GyarySR(OI + §Gyary (DRAI(E) + Gyary SR(AI(L)) dt

f_b (GyaryRI + GparyRAI(E) + 8Gpgry (DRI + 2GyarySR(OI + §Gyary (DRAI(E) + 2Gpary SR(DAI(D)) dt ~

—F f_bb (GyaryRI + GparyRAI(E) + 8Gpgry (ORI + Gpary SR(D! + 8Gpgry ()RAI(L) + GyarySR(DAI(E)) dt
e J2, GoaryBR(OI + GyarySR(OAI(E) dt

f_”b (GyaryRI + GparyRAI(E) + 8Gyary (DRI + Gpary SR(OI + 8Gpary (RAI(E) + GyarySR(DAI(E)) dt
e J2. GrarySR(E) - (I + AI(D)) dt

12, (GoaryR + 8Gyary (DR + GoarySR(D)) - (1 + AI(D)) dt
R f (G,,aryR + 8Gpary(DR)) - (I + AI(2)) dt '

f GyarySR(t) - (I + AI(t)) dt
~R. f G,,aryRI + 8Gyqry (H)RAI(L) dt '
f GparySR(H)AI(E) dt
f I+ M Al(t)dt -

=R- _bb 6RR(UST-YA1(t) ” +1 (A.16)

In which I(t) = I + AI(t) was taken, because the fluctuation plays a dominant role for I — 0 so that correlations with
other variables can not be ignored. The second approximation follows from the fact that §R(t) and Al(t) are both
highly linear, as argued in section 3.3.2. That makes their correlation with constant variables insignificant, due to the
symmetric integration domain. Instead, the product of constant variables and the quadratic product of linear variables
dominate. The error is insignificant when expression in brackets is large, certainly much higher than 1. This is the
case when the quotient is large:

é‘Gva‘ry(t) E o1 0Gyary L or 3.2 -1 1 9Gyary

f I+ ary Al(t) dt N Zbl + 3 Gyary Ot ot 4T”UI (at) Gyary Ot N
b 5R(t> - 2% 13R B N 1R "

f R -AI() dt 3 Rt at R dt

_ -1
%-(1ps) 2.1 (-5Aps™) +01%upus!-a
~ =-21-1+01-a (A7)
0.7 % us™t

In which Tj,,; is the total injection time (excluding settling) and « € [—1, 1] is a normalised correlation coefficient. For
the maximum current of I = 100 A, the error is smaller than 0.05%. For smaller currents, the error grows linearly.
However, this does not couple to bigger outputs in the estimated current, since the influence of resistive errors also
decreases linearly with current. Using the error model from section 2.1:

2

K' ) LT
Alys = f (i)*- ‘(” dt = /?f k2dt = k ~ 47 mA (A.18)
0

For small currents, such as I < 100 mA, the error is no longer well behaved, and the error may grow unbounded
depending on the relative size of the errors.

In conclusion, if the injected current is monitored the error due to output conductance is not significant for nearly
all the load current range, except for some currents close to 0 A.
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