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Industrial Inverter Current Sensing With Three Shunt
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Abstract—As inverter powered variable speed drives become
popular and technically mature, cost control becomes the core
competence for inverter manufacturers. Under minimum perfor-
mance requirement specifications, the inverter is tailored in every
aspect, from the main power device to various sensors to enhance
its competitiveness. This paper mainly focuses on various issues
associated with the downgrade of current sensors from standard
Hall sensor to shunt resistors. The limitation of current sensing by
shunt resistors is reviewed and method to expand the maximum
achievable modulation index on the vector plane is implemented.
Experiments are conducted to verify the analysis and to validate
the effectiveness of the reconstruction algorithm.

Index Terms—Current reconstruction, feedback shunts, modu-
lation index (MI), pulse width modulation (PWM) pulse expansion,
sampling moment shift.

1. INTRODUCTION

URRENT information is desired for controlling and mon-
C itoring electrical and electronics devices. Various current
sensing methods, such as Hall effect sensors, current transforms,
shunts, Rogowski coils, and magnetoresistance effect sensors
have been developed and reviewed in [1] and [2]. In industrial
motor drive, Hall effect sensor is the standard, most efficient,
and reliable choice for current sensing because of its high ac-
curacy, hassle-free maintenance, and fully isolated structure,
especially in certain safety-critical applications. During recent
years, current reconstruction techniques using single resistor on
dc bus are widely applied in those low-end small horse-power
drives, targeting cost reduction, smaller and flexible package
sizes. Industrial drives rarely show too much interest on this
mainly because of performance and safety considerations. How-
ever, as cost control evolves to be a more important competi-
tive factor for low end industrial drives, current reconstruction
through shunt resistors has been adopted gradually. Three shunts
on the lower arms are used rather than single shunt on neg-
ative dc bus to balance the performance and cost. Algorithm
development is necessary to meet the performance and safety
requirements.
In literatures, there has been significant interest for recon-
structing of phase current using only a single dc shunt re-
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sistor [3]-[12]. While, three shunts scheme does not attract
too much research interest since the three-phase currents are
measurable naturally without applying any special reconstruc-
tion techniques at low MI [13]. However, current sensing with
three shunt resistors could be problematic at high MI. Patent
[14] and paper [15] expand the measurable region by eliminat-
ing sampled current from the phase with largest instantaneous
voltage compare value. This is straight forward but can only
expand the measurable region to a certain extent. In [16]-[18],
Parasiliti et al. further sketch the immeasurable region on the
voltage vector plane and propose to modify the command volt-
age vector when the current is immeasurable and compensate
afterwards. Current becomes immeasurable only when the com-
mand voltage stretches to its maximum boundary. Very limited
space is available to insert another compensation vector. More-
over, the compensation, targeting to reduce output current har-
monics, can be less meaningful since pulse dropping occurs
when voltage vector touches its boundary. The pulse dropping
associated current harmonics can be overwhelming. In [19], a
current observer is employed to estimate the current when more
than two-phase currents are immeasurable, but this method re-
lies on the accuracy of system parameters and the extra feedback
loop could be troublesome in certain scenario.

In this paper, the general limitation of shunt current sensing is
reviewed in Section II. Then, the strict prediction of the highest
achievable MI at each modulation stages are explored in Sec-
tion III. In Section IV, by shifting the current sampling moment
or expanding PWM pulse, a further increasing of the MI is at-
tainable with minimum processor overhead. Finally, a complete
current sensing scheme on the voltage vector plane is presented
and experimental results are used to validate the analysis and
the solutions.

II. INVERTER TOPOLOGY AND CURRENT SAMPLING
A. Shunt Resistor Topology and PWM Configuration

Three common shunt current reconstruction solutions for a
general three-phase inverter are shown in Fig. 1. Similar to tra-
ditional Hall sensors, the shunt resistor could be configured in
series with the output phase lines (solution a). Supplemental
power supply and voltage isolation are needed, which mitigates
its financial advantage. An alternative scheme is to relocate these
three shunt resistors to be in series with power devices on lower
legs (solution b). Single shunt resistor inserted in negative dc
bus is the most cost-efficient solution (solution c). This requires
specifically PWM pattern in order to extract the current infor-
mation, which may be intolerable for some of the applications.
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Fig. 1. Shunt resistor location comparison. (a) Three shunts in output phase

lines. (b) Three shunts in lower power legs. (c) Single shunt in negative dc bus.
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Fig. 2. Standard drive configuration with three shunt resistors.

A standard industrial PWM-VSI inverter with three shunt
resistors in series with the lower power devices becomes the
basic development setup. A typical inverter topology is shown
in Fig. 2.

The most common space-vector PWM modulation
(SVPWM) method is applied. The ideal is to reconstruct the
three-phase currents by sampling the voltage over those three
resistors with least intervention to the original PWM pattern.
The sampling of current through the lower leg resistor relies
on the length of conducting period of the device around the
sampling moment. This sampling window varies as the volt-
age command changes. The synchronization pattern between
PWM voltage pulse updating moment and current sampling
moment is also a key factor. Different patterns could result
in different control performances mainly because of potential
delay associated. Generally, the sampling moment and pulse
updating moment are stitched together near the carrier valley to
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Fig. 3.  Carrier triangle and PWM signal in active high mode.

synchronize the DSP processing time period with the PWM
period. This moment is tagged-out at moment A in Fig. 3.
Therefore, the output PWM pulse voltage is symmetrical about
the carrier peak and the pulses on lower legs would be un-
symmetrical about the carrier valley. If the carrier peak at mo-
ment B is selected, there are significant differences in terms of
shunt current reconstruction which will be covered in detail in
Section III.

B. Minimum Pulse Width Requirement

For a neutral point floating three-phase drive, at least two-
phase currents out of three need to be sampled correctly. How-
ever, the voltage over the lower leg shunt resistor is not always
available. As the MI becomes higher, the pulse width on the
lower device becomes shorter and ultimately current sampling
becomes impossible.

This minimum pulse width is determined by several factors:

Tyt dead time to prevent device shoot-through across the dc
bus. The dead-time may or may not affect current sampling
depending on current polarity.

T}s: the time for current to stabilize itself after the lower leg
switch turns on. This includes the propagation delay of the
PWM signal and the rising and settling time of phase current.

Ty, - the time delay of the current feedback path, which includes
signal conditioning time delay or more specifically filter
circuit delay and sampling time delay.

For different applications, the weight ratio of these time de-
lays could be different. Comparing with 7} and T}, the dead
time 7Tq, though occupying only a small portion of the total
time delay, always results in processing complexity because
of its dependence on current polarity. To simplify the design,
the dead time is always considered as a portion of the mini-
mum pulse width to eliminate an extra current feedback loop.
For the inverter under test, the RC filter circuit time constant,
being part of T}y, presents the longest time delay in the sys-
tem. Here, a single time constant Ty;inpurse equals to the
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summation of T, Ty, and Ty, is defined and used in the whole
document to represent the minimum pulse width required for
reliable current detection.

Since the lower device conducting time is associated with two
consecutive PWM periods, a single MI cannot explain the maxi-
mum achievable voltage vector at different MI stages. However,
most of the analysis below associates the lower device conduct-
ing period with only a single PWM period for easy explanation.
While two MlIs for consecutive periods are used when a more
accurate prediction is required.

III. CURRENT SAMPLING AT DIFFERENT MI

As mentioned earlier, at different MI stages, the schemes
to obtain correct current feedback value are different. In this
section, for each stage, the sampling scheme is described and
the maximum MI is predicted.

A. MI Period 1: All Three-Phase Currents Capable of Being
Sampled

At low MI, the pulse width on lower legs for all the three-
phases is long enough for reliable current sampling at the carrier
valley. As Ml increases, the length of the zero vector shrinks and
the length of zero vector (0 0 0) before carrier valley reduces
to the minimum pulse width Tyiinpursg, which is shown in
Fig. 4(a). Equivalently, the length of total active vectors should
be less than Tpwn — 4 - Tvinpurse. In Fig. 4(b), for any ref-
erence vectors on line AB, the active vector length 77 + T3
would always be the same. As line AB moves toward the outer
contour of voltage hexagon, the sum of 77 and 73 would reach
to Tpwym — 4 - TvinpuLnse, Which becomes the limits for pe-
riod 1. This limit, translated as maximum MI limit, is shown
both on the voltage vector plane and on the three-phase voltage
modulation waveform in Fig. 4. Fig. 4(c) shows the measurable
and immeasurable region on the whole voltage vector plane.
The maximum achievable linear MI is the inscribed circle of the
inner hexagon. This maximum MI is also predicted using three-
phase modulation waveform shown in Fig. 4(d). This maximum
MI “0.68” denoted on the vertical axis is calculated below. The
phase labels at the bottom of Fig. 4(d) represent the phases that
the current can be sampled.

By referencing to Fig. 4(c) again, the maximum MI is
calculated using

Vre Vi Towwm —4 X Ty
MI,.. = VLf = g = PWM - MINPULSE )
7 5 PWM

For the inverter under test, Tpwa is 250 pus (PWM switching
frequency is 4 kHz) and TyiinpuLse 1S chosen to be 20 us for
the actual inverter. Equation (1) gives the maximum achievable
modulation index M I, at 0.68. Apparently, this maximum
Ml is far from fully utilizing the dc bus.

B. MI Period 2: Only Two-Phase Currents Capable of Being
Sampled

As the peak of SVPWM modulation waveform increases be-
yond the 0.68 shown in Fig. 4(d), only the current from two
phases can be sampled at a time. Fortunately, for a neutral point
floating system, the third-phase current can always be calculated
based on the measurable two-phase currents [13].

In Fig. 4, if reference voltage vector increases further, the
PWM waveform becomes the one shown in Fig. 5(a). Phase
C current cannot be sampled because the length of zero vector
before current sampling moment is less than Ty;inpursk - Phase
B current is barely measurable since its zero vector length be-
fore sampling moment equals Tyrinpurse. This is reflected on
the voltage vector plane in Fig. 5(b). Line AB represents the
trajectory of voltage vector where phase B has fixed zero vector
length before current sampling moment (Equivalently fixed duty
ratio)

Tt
Tp = Ti+ 5 @)
Towm = Th + T3 + T 3)
Tewn 13— T}
Tg = 4
B 5 3 “4)
T3 —Ty = 2T — Tpww- (5)

Equations (2)—(5) calculate the condition when phase B has a
fixed duty ratio T’z . Since Tz and Tpw\; are constants, 73 — T
which is the length of vector O—]>3, would also be a constant.
By projecting a line from point B toward the contour edge of
hexagon, any voltage reference vector on line AB has exact the
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same phase B on time 7z . Current becomes immeasurable when
voltage vector falls inside the immeasurable triangle region.
By examining all the six sectors on voltage vector plane, the
immeasurable region is plotted in Fig. 5(c).

Since the output voltage vector determines the phases for
correct current sampling, the applicable feedback current would
alternate between different phases as the voltage vector rotating
continuously on the vector plane shown in Fig. 5(d).

Similar to the MI calculation in Section III-A, the maximum
MI can be calculated as

Vet _ Tewwm — 4 X TMINPULSE ©)
$Vae Trwwm
V. 2 T 1 —4 xTy
MI = V_“f _ 2 tpwm X IMINPULSE N
Vel V3 Tewwm

Using the same configuration parameters, the maximum
modulation index M,y is 0.785. The voltage limit circle
corresponding to this maximum MI is plotted in Fig. 5(c).

Comparing to that in Section III-A, this maximum MI in-
creases considerably. If comparing Fig. 5(a) with Fig. 4(a), the
immeasurable region shrinks from the outer band of hexagon
to only three corners. However, the maximum achievable MI is
still limited by inner vertex of immeasurable quadrilaterals.

C. MI Period 3: Only One-Phase Current Capable of Being
Sampled

When the MI needs further to be expand to near the outer
contour of the voltage hexagon, two phase out of three may

lose current detection capability. It is essential to adopt a new
method when voltage vector falls in these regions.

1) Phase Current Measurement Based on Sampling Moment
Shift: As long as two-phase current sampling at triangle valley
is no longer feasible, the sampling moment can be repositioned
since the TyriNpuLsE 18 more a confinement to limit the pulse
on lower leg before the sampling moment. By shifting the pulse
sampling moment rightward, extra sampling area can be cre-
ated for reliable two-phase current sampling. Fig. 6(a) depicts
the PWM waveform and sampling moment shift length. The
immeasurable region shrinks further by pushing the boundary
from line AB in Fig. 5(b) to line CD in Fig. 6(b). It is clearly
shown in Fig. 6(c) that the immeasurable region shrinks to
only one fourth of that at period 2 in Section III-B above.

The shift distance should be strictly calculated to ensure
the sampling moment is still within the pulse range on lower
legs. The detailed calculation of shift distance is presented in
Section IV.

Here, the maximum modulation is calculated again using the
same criterion as in Section III-A and III-B

Viet  Tpwym — 2 X TMINPULSE

= (®)
Ve Trwnm
Vie 2 T 1 — 2 x Ty
mr=" i 2 Teww MINPULSE ©)
Vel V3 Trwwn

By inserting all the parameters, the maximum achievable
modulation index M I,,, . becomes 0.97.

The calculations above still rely on the initial presumption that
only a single MI for one PWM period is used during deduction.
When this modulation limits are expanded close to the contour of
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voltage hexagon, the error of using only a single MI to estimate
the limit becomes prominent. A more accurate analysis by using
two consecutive MI values is exerted below to predict the limit
precisely. The asymmetry of three-phase pulses on the lower leg
about the carrier valley is utilized to shift the sampling moment
and measure the current.

Generally, the drive runs at rated output frequency (60 Hz in
this case) with almost rated output voltage. The amount of angle
the fundamental voltage vector sweeps over one PWM period
(250 ps) can be defined as 0}, and is equal to 5.4° in reference
to Fig. 7(a).

Referencing to the modulation waveform in Fig. 7(b), the
moment that current sampling is most likely to be affected is the
crossing point of the modulation waveform of any of the two
phases on the positive side. One example is the transition from

g . r— . . . . .
Vet in sector I to V' ,e¢ in sector IT in Fig. 7(a). Fig. 7(c) depicts
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these two vectors using PWM waveform in time domain and the
duration of all the vectors are tagged out. The maximum MI is
thus predlcted by the following calculation.

‘/;ef is a vector synthesized by active vector V4 and V}; Their
corresponding vector length 7} and 7§ are calculated as

Viersin(0) T

ref 0) — ] 10

Vi tCOS( ) tan60° TPVVM ‘/6 ( )
Viersin(60° — 0) Ty

- = (11

Viercos(60 ) P Town Vi. (11)

The 6 in above equations is defined as the angle between
‘79; and active vector 17(: shown in Fig. 7(a). As for SVPWM
modulation, one PWM period is made up of two active vectors
and two zero vectors. As the PWM period is already know, the
duration of active vector would be

Ty +Ts + Ty

3 1
Ty +1Ts = (?COSH + 2sin9> X Tpwnm X MI. (13)

Trwwum = (12)

In (13), the active vector duration is associated with voltage
vector angle, MI, and PWM period. The similar calculation is
—

applied to vector V',

V2 cos(Busep — ) — Vll“fsiralfgg?’ =8 _ TPTV/;‘M Vi (14)
V,;c08(60° — (Bgiep — 0)) — V’“fsm(ﬁingo(f step — 6))
/
B TZ:’:M v (1>
Town =Ty + Tg + Tp (16)
T, — Ty = (?cos(@stcp —0) — gsin(am — 9))
« Tpwa X MI'. a7

If0 < ‘(’)‘T‘ (@ in Fig. 7(b)), phase A is with medium pulse
width and the total length of pulse on lower leg is calculated as

—(Ty+T5) Towwm — (T —T"2)
4 4

= 2-(a+ ﬁb)M[)LPX’M

TrwwMm
Tmid ==

(18)

where a and b in (18) can be expressed as

1
a= ?cos& + *blne b=

—?sin(@step —0).

1
cos(ﬁstep —0)

(19)

The 0 is an arbitrary value ranging from O to 6y, when

=5 iy . .
Viet rotates to V'..;. However, the maximum achievable MI
becomes the smallest when ) = ““" . This MI can be calculated
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by simplifying (18) as

(\/gcoﬂstop 1 inastcp) MI < <1 7 TMINPULSE)

1Ty Tty

2 Tewwu
(20
So, the maximum MI is limited to
2Ty
MI < . « ( _ MINPULSE) . @1
cos(5 +30°) Tewwm

Using the same parameter for Tpwy and TyiNpULSE as
previous, its maximum achievable modulation index M [}, is
calculated as 0.998. This is very close to unity value which
is the boundary of linear modulation region.

On the contrary, the most aggressive MI happens when 6 = 0
as shown in,

3 3 3 1 Ty

<\8[ + %cos@step — SsinQStep> MI < 3~ w.
(22)

The maximum achievable MI reaches 1.05857, slightly larger
than linear modulation boundary.

If all above strategies at different MI level are adopted, the
drive can fully utilize the bus voltage if overmodulation opera-
tion is not mandatory. While PWM pulse shaping is mandatory
if operation in overmodulation region is required.

2) Phase Current Measurement Based on PWM Pulse Edge
Shift: If drive enters overmodulation region, the pulse width of
the phase with medium pulse width on lower leg power device
will be narrower than Tynpyurse at a certain period of the
fundamental cycle. Reliable two-phase current sampling with
original PWM pattern becomes impossible. PWM pulse edge
shift is inevitable in this case. The detailed analysis will be
presented in detail in Section IV.

IV. PROPOSED SOLUTION

Before in-depth exploration of the algorithm, the synchro-
nization of the timing of the actual PWM output waveform with
reference to the timing of control algorithm execution period
needs to be examined since any execution step mismatch may
cause the failure of the proposed solution. The control algorithm
samples current near the valley of carrier triangle and calculates
voltage output in that PWM period, which is used to update the
PWM waveform for the next PWM period.

Fig. 8 shows the algorithm executions cycle with the proposed
solution. In PWM period 1, for instance, the PWM pattern is de-
termined in the previous PWM cycle and the future implemented
PWM pattern in period 2 is known at the time the proposed algo-
rithm executes. The necessary modification is performed either
by shifting the current sampling moment rightward or by modi-
fying PWM pulse edge in PWM period 2 to gain correct current
information.

Three criterions are epitomized as the operation guidelines
when modifications are carried out:

1) shift the sampling moment as little as possible because the

shifting of sampling moment can squeeze the available
processing time in each PWM period;
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2) avoid sampling current at one phase, while another phase

is switching to reduce sampling noise;

3) avoid the modification of the PWM pattern or always

choose the method with smallest modification.

Per investigation in Section III, the sampling moment shift
algorithm is implemented when the MI falls inside certain area.
The exact start and end points are examined dynamically online
by looking at the PWM pattern.

Fig. 9 is made up of half the PWM period 1 and half the
PWM period 2. In period 1, its PWM pattern is determined by
calculation one PWM period earlier and the algorithm running
during this period is to calculate the PWM pattern for PWM
period 2. With all the three-phase lower leg conducting time
periods known, they are ranked as 7' max, 11 mid, 21, min DY
comparing the individual pulse width. The currents are about
to be sampled at the valley of carrier triangle in Fig. 9. Current
is always detectable for the phase with maximum pulse width
T’ max. since it is always larger than Tyiinpyrse. The current
from the phase with minimum pulse width 77 ,,;, may or may
not be detectable. The phase with medium pulse width 77 ,iq
is the most important. If 7} ,,;q is larger than the minimum
required time TyiNpULSE, the current can be sampled directly.
On the contrary, 77 ,,iq could be smaller than TyiinpurLse as
MI increases, The moment when 7} ,iq equals to ThINPULSE
is the starting point of implementing the sampling moment
shift algorithm.
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Fig. 10 depicts the sampling moment shift algorithm. The
default carrier valley aligned sampling moment denoted using
solid arrow line is shifted rightward to the moment denoted with
dash arrow line. As the MI keeps increasing, the shift distance
becomes larger due to the shrink of 7T} ,,iq. Eventually, the
sampling moment after shift may reside outside of right pulse
edge and the sampled current is no longer valid. In this case,
the total low leg conducting period, which straddles over two
PWM periods, needs to be investigated to further determine the
correct sampling phase and appropriate shift distance.

When observing the whole pulse width, T3 i, T3 i in
Fig. 10, the minimum and medium pulse widths may not neces-
sarily associate with the same phase as compared with 77 iy,
T' mia. Hence, two separate cases need to be considered.

A. Case I: Mid and Min Pulses are Associated With Same
Phases

If T3 mia and T3 ;4 are associated with the same phase,
the current is sampled from this exact phase. This is further
separated into two different situations: 73 1,iq > TMINPULSE
and T3,mid < ThviinpuLse. If T3 miq 18 larger, which means the
total pulse width is larger than the minimum sampling pulse
requirement, then the sampling moment is shifted by the length
Thvitnpurse — T1,mia- However, if it is smaller, the PWM pulse
edge shift method mentioned in Section III-B will take charge
of that. Eventually, 73 ,,;q would be made equal to Th\iiNpULSE-

B. Case II: Mid and Min Pulses are Associated With Different
Phases

If73 miq and T3 1,iq are associated with different phases, three
different cases can be separately considered:

1) T3.min > Thinpurse and 73 miq > TMINPULSES

2) T3 min < Tyinpurse and T3 wiq > TMINPULSES

3) T3min < Tanpurse and T3 iq < TMINPULSE:

For case 1, both the minimum pulse 73 i, and medium pulse
T3 1miq are larger than Tynpurse. current can be detected by
shifting the sampling moment in reference to either one of them.
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Note: the pulse width is scaled up intentionally for clear explanation and easier
understanding. The original scale is much smaller. The asymmetry of the pulse
about the valley is because the new voltage command for PWM period 2 is
updated at the valley. This would be the same for all the figures in this section.

The shifting distance would be T\iinpur.sE — T1,mia in refer-
ence to T3 i, and would be Thiinpurse — T, min in reference
to T3 miq. Since T 1iq > T’ min, the sampling moment would
be shifted in reference to T3 ,,in, since this complies with crite-
rion 1 above.

For case 2, only 75 ,,iq is larger than Tyinpurse, and sam-
pling shift can only be implemented in reference to 75 y,iq,
which is TMINPULSE — Tl,mirr Flg 11 depicts this situation.

For case 3, none of the pulses for both phases are long
enough for reliable current sampling when merely apply-
ing sampling moment shift algorithm. One of the pulse
needs to be widened. Here comes the dilemma. If T3 iy
pulse is selected to be modified, the pulse on the lower
leg is extended by time ThiinpurLsE — T'3,min, and the sam-
pling moment is shifted rightward by Tyiinpurse — T1,mid-
If T30 pulse is modified, the pulse is extended by time
Thvitnpurse — T'smia, and the sampling moment is shifted
by TyvinpULsE — T1 min. Since Thiinpurse — T3, min 18 larger
than TyrinpULSE — T3, mia as for pulse-width expansion length
and T\iiNpULSE — T'1,mid is smaller than Tyinpurse — Tt min
as for sampling moment shift distance, the minimization
of modification to the existing vector and the minimization
of sampling moment shift are conflicted with each other.
The minimization of voltage vector is prioritized here be-
cause it can cause adverse effect to the total harmonics of
output current.

Taking Fig. 12 as an example, Pulse x with the medium length
of total pulse is modified to expand conducting time of power
device on lower leg.

In [15]-[17], the analysis of expansion of measurable area
is all based on voltage vectors because compensation needs
voltage information thereafter. While, all the manipulation in
this paper is purely based on PWM pulse width, easier to analyze
and implement.
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Fig. 12.  Current sampling by PWM pulse edge modification.

Adjustment of pulse width affects the output voltages which
can result in current harmonics. If the PWM pulse is left in-
tact, the sampled current also contains harmonics due to wrong
sampling moment. An optimized selection based on minimum
distortion is theoretically achievable but practically unneces-
sary because this only happens at three corners on the volt-
age vector plane in the overmodulation region. The added
harmonics caused by PWM pulse edge shift may not have a
noticeable effect.

V. EXPERIMENTAL VERIFICATION

All the predictions and analysis are verified through
experiments.

The simplest V /Hz control without any load is used to verify
the prediction of these theoretical maximum MI for sampling
methods at each MI stages in Section III. Fig. 13 shows the step
response of the current feedback filter for Tyiinmvum (20 ps).
Apparently, the amplitude of any points on the curve right
before, at, or after Tyiinmviunm does not show much differ-
ence. Hence, in Table I, selected MI values away from pre-
dicted MI boundaries in section III are used to clearly show the
effect.

For the sampled current of each phase, only two corner
sectors apart 120° on voltage vector plan could be impacted,
no dominant harmonic can be gauged to determine the wave-
form quality. The total harmonic distortion (THD) serves as the
comparison criterion.

The collected data are shown in Table I below. For each row
at the same modulation stage, the THD of feedback current
waveform increase as MI goes beyond its predicted max pre-
sented in Section IIT above. While for each column with same
MI, the THD drops as the sampling strategy changes at different
stage.

The improvement of current quality can be easily recognized
from the feedback waveform. Fig. 14 presents the measured
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TABLE I
THD OF FEEDBACK CURRENT AT DIFFERENT MI STAGES

Modulation Modulation Index

Stage 0.6 0.73 0.98 1.02
LA 2.24% 5.35%

11.B 2.22% 3.64%

1.c 2.48% 8.83%
11.D 3.19%

III.A: Three-phase currents sampling;

I11.B: Two-phase currents sampling;

III.C: Two-phase currents sampling with sampling moment shift;
II1.D: Two-phase currents sampling with sampling moment shift
and PWM edge shift.

current waveforms from the same test as in Table I. Comparing
Fig. 14(b) to (a), the quality of feedback current waveform is
improved by adopting the sampling moment shift method. Now
comparing Fig. 14(d) to (c), the same conclusion can be drawn
after adopting the PWM edge shift method.

Finally, full load test are conducted on two different power
rating 480-V standard industrial drives. Since bootstrap circuit
is used to drive the inverter upper leg, the maximum Ml is set at
unity to prohibit six-step operation.

The first test is carried out on a 10HP drive with basic V /Hz
control. So, the sampled current is used only for monitoring
and does not affect the control. The drive is set to run at
60 Hz.

Fig. 15 shows the phase current waveform on oscilloscope as
well as sampled data from microcontroller. The sampled current
has glitches on it. After applying these methods in Section III,
the glitches on sampled current in Fig. 15(a) disappears and the
sampled current is tracking the actual current tightly as shown
in Fig. 15(b).

The second test is conducted on a 1HP drive with cur-
rent closed-loop field orientated control. The drive is com-
manded to run at 90 Hz which resides in the field weakening
region.

Fig. 16(a) shows the two currents. More severe glitches ap-
pear on the sampled current compared to that in Fig. 15(a)
because the active feedback of the current into control loop
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Fig. 14. Current waveform before and after adopting sampling strategy.

(a) Current feedback without sampling moment shift when MI is at 0.98. (b)
Current feedback with sampling moment shift when Ml is at 0.98. (c) Current
feedback without pulse edge shift when Ml is at 1.02. (d) Current feedback with
pulse edge shift when MI is at 1.02.

can introduce disturbances inside the current loop. Significant
torque ripple is observed on the rotor shaft, which can poten-
tially cause mechanical damage. Fig. 16(b) shows significant
waveform improvement after switching to these added sampling
measures.
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Fig. 15. Phase current in V/Hz mode. (a) Without proposed algorithm.
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Fig. 16.  Phase current in vector control mode. (a) Without proposed algorithm.
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VI. CONCLUSION

In this paper, phase current reconstruction strategies at differ-
ent MI stages through three shunts on lower legs is investigated.

The limitation of each method at different MI stage is well
analyzed and presented by calculating the exact maximum
achievable MI.
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Solutions at high MI combining both sampling moment shift
and PWM pulse expansion methods are examined in detailed
by referencing to the specific PWM and sampling pattern.

No-load test is conducted to validate that the feedback current
quality degrades when MI goes beyond the predicted maximum.
While it recovers when adopting the sampling strategy for that
particular MI stage. The improvement of feedback current wave-
form quality is observed by comparing the waveform without
and with all the proposed algorithm at full-load test.
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