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Abstract.  Public Utility Commissions (PUC) in several states adopted 0.5 volt or 1.0 milliampere as the actionable limit for utilities to respond to complaints of uncontrolled voltage.  Dairy farmer complaints that animal behavior and milk production were affected by electrical shocks below adopted standards were investigated on 12 farms in Wisconsin, Michigan, and Minnesota.  Milk production per cow was determined from daily tank-weight pickup and number of cows milked.  Number of transient events, transients, voltage (peak-to-peak), waveform phase angle degree, sags, and sag-Vrms were measured from event recorders plugged into milk house wall outlets.  Data from 1705 cows and 939 data points were analyzed by multiherd least-squares multiple regression and SAS-ANOVA statistical programs.  In five herds for 517 days, milk/cow/day decreased -0.0281 kg/transient event as transient events increased from 0 to 122/day (P<0.02).  Negative effects on milk/cow/day from event recorder measurements were significant for eight independent electrical variables.  Step-potential voltage and frequency of earth currents were measured by oscilloscope from metal plates grouted into the floor of milking stalls.  Milk decreased as number of 3rd, 5th, 7th, 21st, 28th, and 42nd harmonics and the sum of triplen harmonics (3rd, 9th, 15th, 21st, 27th, 33rd, and 39th) increased/day (P<0.003).  Event recorder transient events were positively correlated with oscilloscope average Vp event readings, with number of measures over 90 Hz, and number of 4th, 7th, 10th, and 42nd harmonics per day.  Steps/min counted from videotapes of a dancing cow with no contact to metal in the barnyard were correlated with non-sinusoidal 8.1 to 14.6 mVp impulses recorded by oscilloscope for 5 min from EKG patches on legs.  PUC standards and use of 500-Ohm resistors in test circuits underestimate effects of non-sinusoidal, higher frequency voltage/current common on rural power lines.
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�
Introduction


Uncontrolled electric current injected into the earth (commonly called “Stray Voltage”), neutral-to-earth voltage (NEV), neutral-to-ground voltage (N-G), or tingle voltage has been the subject of controversy between dairy farmers, some swine and dog kennel operators, and electric utilities in North America since 1970.  Craine et al. [11,12,13] found electrical currents on domestic water systems from primary neutral down-grounds.  Jersey cows decreased in milk production, and cattle reduced water consumption when exposed to similar voltages on watering troughs.


A review of  “Sources of Stray Voltage and Effect on Cow Health and Performance” by Appleman and Gustafson was published in 1985 [2]. The opinions of  “stray voltage” experts, based on limited studies of 60 Hz alternating current (AC), sinusoidal voltage, were published in USDA-ARS Publication 696 (1991), Effects of Voltage/Current on Farm Animals [38].


Publication 696 [38], called the “Redbook,” became the standard for cow-contact stray voltage adopted by public utility commissions and utilities in several states.  The standard usually accepted was a minimum of 0.5 V or 1 mA of 60 Hz, steady-state, voltage contributed by the utility must be present at cow contact points for the utility to be responsible for correcting an electrical problem.  Cow contact was defined as touching metal: water bowls, pipelines, stanchions, stall dividers, and feeding equipment. Power company stray voltage experts use a 500-Ohm resistor in the voltmeter circuit.  The theory was that a voltage must be strong enough for the current to pass through the resistor to affect cows. Voltages less than approximately 0.5 V, or 1.0 mA current, were not measured when resistors were in the voltmeter circuit and were not considered important. However, the Redbook contained no information about effects of transients (electrical surges) or harmonics (integer multiples of 60 Hz) generated within circuits and power lines by transients, oscillating at frequencies higher than 60 cycles per second on power lines.  Harmonics are often called electrical noise and produce the humming, buzzing, and radio frequency (rf) radio noise heard near electrical power lines.  


Professor Lloyd B. Craine, co-author of the Redbook, acknowledged, “…When consumer equipment consisted primarily of lights, motors, and tube-type electronic equipment, and electrical loads were relatively small, neutral-to-earth voltages and transients were not great problems, due to low neutral currents and the tolerance of the equipment.  With increasing use of low-signal-level solid-state computers and microprocessors, increasing electrification and automation of farms, and increased loads on distribution lines, the issue of power quality and tolerable neutral-to-earth voltage is increasingly important.”  Craine recommended, “Transient-effects research is necessary to fully evaluate power system effects on animals” [38, sec 6, pp. 2-4].	


A dairy company farm-service agent asked a local industrial electrician to “look into” farmers’ complaints that their cows were affected by stray voltage when utility stray voltage experts said no voltage was present and the problems were all caused by poor farm wiring and management. Tests were conducted on more than 100 farms in Wisconsin, Michigan, and Minnesota. Power quality was measured in terms of compliance with defined voltage, frequency, phase generation and current phase delivery efficiency, number and magnitude of transients, harmonics, sags, surges, and outages.  Inferior quality power is known as dirty electricity in the electrical industry [21,26]. 


Materials and Methods


Milk and electrical measurements were studied on 11 farms, and leg movements and electrical data from a 12th farm (Table 1). These farms were selected because of suspected electrical problems that farmers believed may have influenced animal behavior and performance.





Table 1.  Data Source: Farm Records, Fluke�symbol 210 \f "Symbol" \s 11��� Event Recorder Transient Deviation Thresholds, Oscilloscope, RPM, Distribution System, and Connections.











Herd I.D.�






Monitor


Dates�
 








Description�
Cows


Milked


Avg.  


No./day�
Milk


Per Cow


Average


Kg/day�
Data Points


Weight


Periods


No.�
Recorder


Transient


Threshold Vp


H-N &  N-G�
�
1. Kru WI�
7/15/99 -


3/22/00�
Event recorder in 110-V outlet in milk room.�
110�
22.50�
243�
100 & 50�
�
2. H-M WI�
1/30/00 - 


4/04/00�
Tie stall barn, event recorder in milk room.�
87�
30.49�
43�
100 & 50�
�
3. Eri WI�
8/1/99 - 


12/20/99�
Free stalls, double-12 parlor, event recorder in parlor.  Ground currents from plates imbedded in concrete in milking parlor recorded by oscilloscope.�
366�
32.80�
136


74�
200 &100


 and 100 &50


�
�
4. Bey WI�
12/17/99 -


1/19/00�
Free stall barn, some tie-stalls. Milking parlor. Event recorder in 110-V outlet in milk room. Oscilloscope.�
80�
27.50�
34


52


�
150 & 50


100 & 50


�
�
5. Pla MN�
2/6/00 -  


4/10/00�
Free stall barn, double-4 parlor. Event recorder and oscilloscope.  Farm located in return path between sub-station and nonlinear loads. Earth primary neutral return conductor.�
56�
29.50�
135�
100 & 50�
�
6. Ram MI�
6/26/99 -


7/22/99�
Freestalls, double-8 parlor; event recorder; 2-day pickup. Loss of milk production, 56 cows died in previous 2 years, herd dispersed.�
110�
22.70�
13�
200 &100�
�
7. Bel MI�
3/5/00 -


8/01/00�
Freestalls, double-6 parlor.  Event recorder and oscilloscope; 2-day pickup, data for subperiods of time. Loss of milk, cows, displaced abomasums, herd dispersed. �
96�
31.40�
37�
100 & 100


�
�
8. Wal MI�
4/22/00 -


12/31/00�
Oscilloscope, free stall, 2-12 parlor. Some event meter data. Milk loss, cow health. System changed to 3-phase after investigation.�
325�
31.66�
204�
100 & 100�
�
9. Gut  WI�
8/04/00-


9/04/00�
RPM—Split single-phase primary neutral.�
68�
27.71�
32�
NA�
�
10. Mic WI�
6/10/00-


9/04/00�
RPM—3-Phase Wye primary neutral.�
374�
27.94�
60�
NA�
�
11. Mut WI�
5/19/00-


3/23/00�
RPM—3-Phase Delta (floating and grounded)


Primary neutral-to-ground.�
40�
25.26�
73�
NA�
�
12. Jon MI�
7/23/99�
Oscilloscope and Video camera, Substation   


<200 M., transmission lines near farmstead. Loss of milk, cows and herd.�
�
�
�
�
�
Average�
�
�
154�
28.13�
105�
�
�
Sum�
�
�
1705�
�
939�
�
�
Data Recording


Data recording equipment were located in the office or milk-room adjacent to the milking barn or parlor as in Figure 1.





�


Figure 1. Electrical Instruments Used to Record Power Quality Data.  The Event Recorder is plugged into a 120-V outlet in the office and the Oscilloscope is connected by twisted, shielded cable to metal plates grouted into the floor of milking stalls.





Transient information was recorded with a FLUKE® Voltage Event Recorder VR101 employing EventView™ Software.  The event recorder was plugged into an electrical outlet in the milk house or in the milking parlor.  Time (d, h, min, s), number of H-N and N-G transient events, total number transient oscillations per event, peak-to-peak voltage (Vp), hot to neutral (H-N) sags Vrms (voltage root mean square), H-N swells (Vrms), and wave angle degrees were recorded by the event recorder. The event recorder accumulated 4000 events before it was full and had to be downloaded to computer.  


Step-potential voltage and frequency (Hz) were measured from metal plates (10 Χ 15 cm), 1.5 meters apart, grouted into the concrete floor of milking stalls as recommended by science advisors in [19].  Plates were connected via twisted shielded cable, twisted pair, or THHN building wire leads to a FLUKE® 105B Scopemeter Series II (100 MHZ recording oscilloscope) employing FlukeView™ Software SW90W on a Dell® Inspiron 7000 (laptop computer). Cattle movements were recorded simultaneously with a Sony® Handycam Vision CCD-TRV43 videoHi8 (portable video recorder) for part of the period.  Computer output was converted to a video signal via Focus Enhancements Tview™ Gold Card (pc-card adapter and software) and mixed with the video signal of the cattle by way of a Videonics MXPro Digital Video Mixer model MX-3000 (audio/video mixer) and recorded on a Sony Hi8 Video Cassette Recorder EV-C200 (Hi-8 VCR).  Electrical impulses and cow movements were recorded simultaneously on videotape by Stetzer Electric, Inc. [34] and analyzed by Essential Regression�symbol 211 \f "Symbol" \s 11�Σ�, ver 2.218, 1998 with macros incorporated into Excel by Microsoft®.  Composite multi-herd data were analyzed as described in Statistical Analysis.


A BK Precision 4040 20 MHz sweep/function generator was used to calibrate the remote monitoring oscilloscope by first injecting a 42 Hz square wave 2.3 V signal into a battery powered Tektronix 720P scopemeter at the plates, and then injecting the same signal into the wires that would be connected to the plates for monitoring purposes.  The signal was then verified to be the same on the Fluke oscilloscope in the remote monitoring location as the Tektronix 720P at the plates.


Milk production was from daily milk tank weights determined by the milk-hauler and from milk-check statements.  Milk (kilograms = 2.2046 pounds) were divided by the total number of cows that contributed to the tank load. Cows that were too fresh to enter their milk in the tank or were receiving medical treatment were not part of the milk herd. In two herds where milk was picked up on alternate days, weights were handled accordingly to determine average milk per cow per day corresponding to electrical measurements for the 2-day period and were analyzed separately.


Cow leg movements (steps, foot lifting) of a cow, tied only by a rope in the barnyard of herd number 12 (Table 1) located near a large substation, were recorded on videotape while electrical activity on the cow’s legs was recorded by oscilloscope.  Channel A leads were attached to EKG patches (electrocardiogram electrodes, 3M Red Dot™) placed on shaved skin over the right front (RF, metacarpal) and right rear (RR, metatarsal, or cannons) and were held in place by wrapping with athletic bandages.  Channel B leads were placed on shaved skin over left-rear (LR) and right-rear (RR) cannons of the cow’s legs.  Leg movements or steps per minute were counted from the videotape and regressed on V per minute (Vp = peak to peak) simultaneously recorded (once/s) for five minutes by oscilloscope. Movement of cows, e.g., lifting feet, stepping, kicking, or other movements while in the milking stall, and shimmering of skin and muscles of cows, of heifers in the feedlot, and of horses at pasture were recorded on videotape [34] while corresponding electrical impulses recorded from the step-potential electrodes appeared on the oscilloscope and television screen. 


Time (d, h, min, s), peak-to-peak voltage plots, frequency plots, waveform capture  (snapshot of waveform required for harmonic spectrum analysis), and harmonic spectrum analysis (fundamental frequency, total harmonic distortion) were monitored by oscilloscope, recorded once per second, and evaluated on FlukeView™.  


The oscilloscope recorded once per second (86,400 observations per day), generating a large amount of data for processing into meaningful values.  A computer software program was devised to expedite summarizing event meter and oscilloscope recordings to daily numbers for analyses. 


The Reliable Power Meter, Multi-port Permanent RPM Recorder, Model 1942 and similar RPM recorders were used to monitor power quality in a trial test at three dairy farms in Wisconsin.  The meter was installed at the interface of the primary and secondary circuits at the service entrance point of common coupling (PCC) according to manufacturer’s instructions (Reliable Power Meters, 400 Blossom Hill Road, Los Gatos, CA).  Milk per cow was determined from daily tank weights and number of cows milked as described above.  Milk/cow/day was regressed on number of transients per day, described by codes of events, recorded by the RPM in a combined three-herd data set.


Measures of step potential were recorded by battery-powered oscilloscope while the primary power supply was completely disconnected from each farm.  During this period there were no detectable changes in spikes on waveforms indicating the inferior power was from off-farm sources.  


Data Sets 


Several data sets were constructed to obtain as many farms and days as possible that included the same measured observations. Data Set 1 consisted of five herds (Table 1, ID 1,2,3,4,5) that included 517 observations of milk production and the number of transient events per day. Transient events were composed of mixed hot-to-neutral (H-N) transient threshold settings at 100, 150, and 200 V in three herds, with corresponding neutral-to-ground (N-G) thresholds set at 50, 50, and 100 V, respectively, while in the other two herds thresholds were 100 V H-N and 50 V N-G.   


Data Set 2 was a five-herd data set that included transient event observations for 515 days. Independent variables include the same herds as in Data Set 1, but with Fluke® Event Recorder threshold setting in all herds, H-N 100 V and N-G 50 V peak to peak (Vp) and included only days when the recorder operated at least 23 hours. Independent variables from EventView™ software were added to the database.  They included: number of transient events, number of H-N and N-G transients events and corresponding voltages (Vp), number of transients (oscillations/event), waveform degree angle of the transient event, number of sags (5% below nominal voltage), sag voltage rms (root mean square as in 60 Hz), and number of surges/day. 


Data Set 3 contains milk production for four herds (Table 1, I.D. 3,4,5,8), 535 data points, and corresponding step-potential voltage and frequencies (Hz) obtained by oscilloscope from the floor of milking stalls. Data Set 4 contains milk production from three herds, 165 data points, and corresponding step potential event recorder and oscilloscope data. In Data Set 5, milk production/cow/day of three herds, 165 data points, was regressed on the number of transient events measured by the RPM at the point of common coupling (PCC) as electrical power entered the farm.


Statistical Analysis				 


Statistical analysis of Data Set 1 was by multiple regression, multi-herd least squares analysis of data with unequal subclass numbers [Harvey, 18]. Dependent variable, average daily milk yield was adjusted for Farm (class variable), Date (cubic), Farm x Date Interaction, Number of Transient Events (continuous independent variable), and Farm x Number of Transient Events. 


For Data Sets 2, 3 and 4, a series of preliminary statistical analyses were performed to develop the final mathematical model. The computer program utilized was SAS, Inc. [33]. Data first were screened by visual observation and by use of SAS PROC CORR. Several potential independent variables were perfectly correlated because they were derived from one or more other variables, e.g., some totals of the number of events or voltages were perfectly or very highly correlated with averages. These were deleted from further consideration.  In least squares ANOVA, farm, date on experiment, and their interactions were found to have significant effects (P = .05) on milk yield. To reduce the set of up to 77 recorded or derived electrical measures to a manageable number, SAS PROC REG (selection = backward) was performed on the residuals resulting from the least squares ANOVA (SAS PROC GLM) which included farm, days on experiment (to the cubic order of regression), and their interactions. To be included in the final analysis, a probability level of P < 0.10 was required arbitrarily. The final mathematical model was analyzed with SAS PROC GLM and included farm, date on experiment (cubic), their interactions, a set of electrical variables selected from PROC REG and their interactions with farm. All effects were considered to be fixed, except residual, considered to be random.


�
Results


Power quality measures were recorded by Fluke® Event Recorder, downloaded to computer for processing and displayed using EventView™ software as in Figure 2.


�


Figure 2.  Measures of Power Quality Displayed from Fluke EventView™ Computer Software.


The number of transient events averaged 14.3 ± 21.7 (range 0 to 99 events/day) in Data Set 1.   Milk production of cows in five herds in Data Set 1 averaged 27.08 ± 5.1 kg/cow/day for 517 days (data points), and ranged from minimum 14.7 to maximum 35.8 kg for individual farms. Number of cows averaged 165.7 ± 123, ranging from 49 to 394 cows milked per day per farm. Differences between farms was the most significant factor in the mathematical model that was associated with variation in daily milk production.  Date (cubic) and transient threshold settings of the event recorder were also significant. Milk/cow/day was negatively related to number of transient events per day (TEV), regression coefficient = -0.0281 kg milk/transient event, significantly linear P = 0.02.


In a second model with milk/cow/day as the dependent variable and farm, sequential dates, threshold settings, and number of transient events as independent variables, the regression coefficient was -0.0287 kg milk/cow/transient event/day, linear (P < 0.001) using Essential Regression�symbol 211 \f "Symbol" \s 11�Σ� ver. 2.218, 1998, on Microsoft�symbol 226 \f "Symbol" \s 11�β� Excel software.  Transient events accounted for average -0.41 ± 0.62 kg to -2.87 kg milk/cow/day from average 14 ± 22 and maximum 99 transient events/day respectively, as measured by event recorder in Data Set 1 and illustrated in Figure 3.


Transients are unwanted, short-duration voltages, called spikes or surges, caused by the sudden release of stored energy on an electrical circuit. 





�


Figure 3. Relationship of Transient Events to Milk/Cow/Day, Five Farms, 517 Days.  The regression coefficient is -0.0287 kg milk per transient event (P < 0.001).


In Data Set 2, transient events averaged 20 ± 25.9 (standard deviation) and ranged from 0 to 122/day on five farms, 515 data points (days), when the recorder was operating at least 23 hours per day and threshold settings were 100 V H-N and 50 V N-G.   Eight electrical variables were found to be significantly related to milk production as in Table 2. They were (1) Total number of transients, (2) total transient degree angle/100, (3) number of hot-to-neutral transient events, (4) total H-N waveform phase degree angle/100, (5) total sum of neutral-to- ground transients, (6) total sum of N-G transients with phase degree angle => 200Ί, (7) number of sags (voltage < 108), and  (8) Sag Voltage rms.





Table 2.  Event Recorder Measures of Power Quality for Five Herds Combined, 515 Data Points,  Data Set 2.





�
Total  Trans- ients 


(Oscilla-tions)  


No./d      �
H-N


Trans-sients


(Oscilla-tions)  


No. /d�
Total


H-N 


Trans


Degr. 


Angle�
Total Trans. Degr.


Angle


 �
N –G 


Trans.


Events�
Total  N -G


Trans. 


   No./d


 �
Sum    


N - G  Angle 


=>200°      Total/d �






Sags





No./d


�






Sags 





Vrms�
�
Days –515�
515�
385�
385�
515�
191�
191�
144�
261�
261�
�
Mean/day �
182�
11�
-2367�
3419�
8.7�
79.1�
-309�
25�
2698�
�
Std. Dev.�
253�
17�
3349�
4618�
16�
163�
660�
29�
2636�
�
Min�
0�
0�
-21840�
0�
0�
0�
-3310�
0�
0�
�
Max.�
1939�
89�
1630�
20480�
90�
1024�
980�
166�
18421�
�
Ave./Trans.�
�
�
-128�
297�
�
9.1�
-73.7�
�
108.3�
�
Yield Milk ƒ X, Least Squares Analysis of Variance (17) and Essential Regression by Microsoft�
�
Milk, kg Coef, ƒ X  �
-0.0025�
-0.086�
-0.014�
0.0003�
-0.062�
-0.0014�
-0.0012�
-0.03�
-.0003�
�
P Linear > 0�
<0.001�
0.031�
0.0018�
<0.10�
<0.001�
<0.001�
<0.001�
0.02�
0.024�
�
Means = Average or sum/day for number days event occurred per possible 515.


Transient events and number of transients varied enormously from day to day and farm to farm. Transient degree angle refers to electric degrees on a 360° waveform scale, where voltage peaking between 0 and 180° is positive and between 180 and 360° is negative.  The normal 60 Hz sinusoidal waveform peaks are at +90° and -270°.  The transients recorded were distorted and non-sinusoidal. They did not conform to the 60 Hz waveform as from the generator.  Such distortion causes a shift in time of one voltage waveform relative to other voltage waveforms delivered to the point of service and may reduce operating efficiency of equipment.


Oscilloscope “Step Potential” Voltage from the Floor of Milking Stalls 


Sixty-nine electrical variables were utilized in statistical analyses.  The data were divided into four data sets to be able to manage the data and, within each set, the number of variables were reduced by backward stepwise regression to determine those significant at P < 0.10.  There were 13 variables found to be significant in the separated data sets. These 13 variables were then combined and reduced in number by backward stepwise regression, yielding seven that were significant (P < 0.10) with one included variable highly correlated with one other (0.998).  After removing one of the two most highly correlated variables, including the remaining 6 electrical variables (linear) in the model that included farm, date (cubic), farm x date reduced variation 8.5%. Those six variables were as in Table 3: (1) number of Vp readings (#VpRd), (2) number Vp events (# VpEv), (3) number Vp event readings (#VpEvRd), (4) number of 3rd harmonics (NH3), (5) number of 5th harmonics (NH5), and (6) number 7th harmonics (NH7).  The most potent single variable in the set of six, also the one that reduced residual variation from the base model the most (2.8%), was NH5.  Using the linear regression coefficient -0.000165 with mean NH5 of 536 ± 980 harmonics/day suggests milk yield was reduced -0.15 ± 0.28 kg/cow/day at mean NH5.  However, maximum NH5 was 6,244 impulses per day Χ -0.000165 = -1.75 kg milk/cow/day maximum accounted for by the 5th harmonic regression coefficient in this data set. The 5th and 7th harmonics combined averaged 753 ± 1348 impulses with maximum of 12,065 Χ -0.000365 kg milk/harmonic, thus decreasing milk average -0.27 to -4.4 kg maximum milk/cow/day. Similarly, milk production decreased as the number of triplen harmonics increased per day.  As the sum of triplen harmonics increased from average of 3648 impulses to maximum 30,288 Χ -0.000034 kg milk/triplen, milk decreased -0.123 to -1.02 kg/cow/day (P < 0.003).  Triplen harmonics are the 3rd harmonic and odd numbered multiples of the 3rd harmonic.  The 3rd, 9th, 15th, 21st, 27th, 33rd, and 39th were recorded in this data set. 


The number of 1st harmonics, 60 ± 30 Hz/day (26,852 ± 30,289/day) was not correlated with changes in milk production/cow in data set 3.


Table 3.  Oscilloscope Measures of Step Potential Electrical Variables Affecting Milk Production, (P < 0.05), Four Herds, 535 days, Data Set 3.


�



�
No. VpRd�
No. Vp


Events�
No. Vp


EvRd�
Ave. Vp


Ev. Rd.�
No. 3rd                


Harmonic�
No. 5th


Harmonic�
No. 7th


Harmonic�
�
Mean/day�
86,280�
3,441�
41,987�
0.0628�
2,082�
536�
217�
�
Std. Dev.�
410�
2,574�
33,220�
0.0398�
4,246�
980�
511�
�
Min�
82,809�
0�
4,736�
0.0268�
0�
0�
0�
�
Max�
86,400�
10,678�
83,268�
0.1516�
30,288�
6,244�
9503�
�
Milk, kg. Coef.*X�
-0.000286�
-0.00007�
-0.000095�
Reference�
-0.000136�
-0.0002�
-0.00033�
�
P-Value�
<0.01�
<0.008�
<0.001�
Voltage�
<0.001�
<0.005�
<0.001�
�
Oscilloscope Events were 3 standard deviations from the mean of non-event readings after the last previous event.


Data Set 4 consisted of milk production, event recorder and oscilloscope data, both recording at least 23 h/day, for three herds (Table 1, ID 3, 4, 5), 165 data points.


�
Seventy-seven variables were reduced to six significant variables as in Table 4.  Including these six variables (linear) in the basic model that included farm, date (cubic), farm x date reduced residual variation 16.3%.  The most potent single variable based on the analysis including all six variables was number of 42nd harmonic (NH42).  Selecting NH42 and including it as a single variable in base model reduced residual 4.2%.  With linear regression coefficient of -0.007 kg milk/42nd harmonic and mean NH42 of 16 ± 56, apparent reduction in milk yield at average NH42 was -0.122 ± 0.39 kg milk/cow/day with a maximum of 294 voltage impulses/day at 2520 Hz frequency accounting for -2.06 kg milk/day. All harmonics were recorded by the oscilloscope as step-potential voltage and frequencies from metal plates in the floor of the milking stall.


Table 4.  Event Recorder and Oscilloscope Measures of Transient and Harmonic Electrical Impulses Affecting Milk Production in Three Dairy herds, 165 data points. Data Set 4.


�
�
�
Ave. Qty


NG Trans


Ψ >200°�
NG Trans


Ψ > 200°


   Vp�
Minimum


Sag


Vrms�
Number


21st


Harmonic�
Number


42nd


Harmonic�
Step Volt


Event Rd


   Vp�
�
Days�
122/165�
66/165�
96/165�
17/165�
17/65�
165�
�
Ave./day�
3.75�
-75.7�
102.6�
467�
164�
0.040�
�
Std. Dev.�
4.5�
37.6�
51.7�
154�
56�
0.010�
�
Min.�
0�
-190�
84�
0�
0�
0�
�
Max.�
26�
0�
107�
805�
294�
0.071�
�
Milk, Coef. kg Χ X �
-0.027�
-0.0017�
-0.0042�
-0.0664�
-0.0041�
-14.7�
�
P-Value�
0.004�
0.10�
0.01�
0.07�
0.03�
0.02�
�
Since transients are not produced by the generator, but rather from switching and electronic devices, the non-sinusoidal distortions of the waveform are related to the H-N and N-G voltages recorded by the event recorder.  N-G impulses averaged -75.7 ± 37.6 Vp (range 0 to  -190) corresponded to H-N impulses, which averaged -113.4 ± 104 Vp (range +203 to -307 Vp). 


Oscilloscope event average step voltage, 0.040 ± 0.0116 Vp, increased linearly as the number of event recorder transient events increased daily (P < 0.001). Step potential voltages above 0.010 Vp (10 mVp), measured from the floor of milking stalls and in barnyards, affected behavior and milk production of dairy cows in four herds for 535 days. This concurs with findings of Polk [32] in Wisconsin herds, working with data collected by science advisors to the Minnesota PSC [19].


Overall average step voltage, 0.0386 ± 0.01 Vp in this data set, had little relationship to milk production. Oscilloscope events were three standard deviations from the mean of non-event observations after the last previous event.


Reliable Power Meter (RPM) Transient Events and Milk Production


Numbers of transient events recorded by the RPM are in Table 5.


�
Table 5. Transient Events Recorded by the Reliable Power Meter® in Three Herds.


�
Code 25-2 Trans. Events�
Code 26-2


Trans Events�
Code 30-2   Trans Events �
Phase A = 0


Trans Events�
Phase B =1


Trans Events�
Phase C = 2


Trans Events�
�
Average/day�
12.4�
5.5�
14.0�
33.6�
32.6�
32.5�
�
S.D.�
22.8�
28.0�
18.4�
87.2�
107.8�
63.4�
�
Minimum�
0�
0�
0�
0�
0�
0�
�
Maximum�
257�
315�
139�
1051�
1357�
681�
�
Milk, kg /  Trans Event�
-0.025�
-0.020�
-0.029�
0.0�
-0.0008�
-0.003�
�
P Value linear>0     �
0.018�
0.015�
<0.001�
Not sig.�
Not sig.�
0.07�
�
Code 25 -- RMS Voltage/Current event


Code 26 -- Voltage/Current waveform event


Code 30 -- Voltage/Current transition waveform event


Phase 0,1,2 -- Primary phase voltage/current waveform event, equivalent to Phase A, B, and C�
�



Milk/cow/day averaged 26.8 ± 1.75 kg in three herds (Table 1, ID 9,10,11), 167 cows average milked/day, 165 data points. Herds averaged 40, 68, and 374 cows milked/day.  Milk/cow/day was regressed on primary neutral transient events (Table 5) recorded from the point of common coupling between primary  and secondary circuits. Herd number, sequential dates and number of cows milked/farm/day were significant and included as independent variables. Number of cows reduced residual variance 6%, and transient events (Code 30-2) reduced residual variance 9% from the basic model residual.  Milk production decreased -0.029 kg milk/cow/code 30-2 transient event/day, (P < 0.001), and similarly for other primary neutral event codes. The average number of primary phase transient events was similar for phases 0, 1, and 2, but only phase 2 waveform events were related to changes in milk/cow/day in this RPM data set.  Milk/cow/day decreased as total phase transient events (total of 3 phases) increased/day, regression coefficient -0.001 kg milk/transient/cow/day (P < 0.03).  Correlation coefficients for primary neutral transient events and phase-2 transient events ranged from R = 0.47 to 0.86.  Results obtained with the RPM were comparable to results with event recorders and oscilloscopes at different locations. Large variations in number of events were recorded from day to day and farm to farm.


Relation of Leg Movements to Electricity


Leg or foot movements (steps/min) and oscilloscope measures of voltage from EKG patches attached to shaved cannons of a cow are in Table 6.


Right front (RF) to right rear (RR) voltages were recorded on Channel A and averaged 13.2 ± 0.49 mVp (peak to peak) and ranged 8.1 to 14.6 mVp. RF movements averaged 3.6  ± 2.7 steps/min (range 1 to 8), while RR averaged 10.4 ± 5.7 steps/min. The RR leg was a common ground for both channels. Regression coefficients for RF + RR and total steps as a function of maximum - minimum mVp were positive and significant (P < 0.04). 


�
Table 6.  Steps per Minute and mVp from shaved skin at cannons of Dancing Cow. Maximum (-) Minimum mVp during the corresponding minutes was correlated with steps R = 0.89          (P < 0.05).


 �tc " " \l 05�Time�
Leg/Foot Moves�
�
Channel A: Voltage Measured�
�
�
�
�
�
�
�
per Minute�
�
Shaved Skin on Leg�
�
�
�
�
�
�
Minute�
LR�
RF�
RF + RR�
All Legs�
mVp�
MVp�
mVp�
MVp�
mVp�
Max mVp �
�
�
Steps�
Steps�
Steps�
Steps�
Ave�
Sum�
St. Dev.�
Min�
Max�
Min mVp�
�
2:44�
10�
4�
16�
26�
13.21�
806�
0.4011�
12.3�
14.6�
2.3�
�
2:45�
11�
1�
11�
22�
13.20�
792�
0.5150�
11.9�
14.3�
2.4�
�
2:46�
1�
3�
5�
6�
13.32�
799�
0.2045�
12.9�
13.8�
0.9�
�
2:47�
7�
8�
18�
25�
13.03�
782�
0.6293�
10.0�
14.6�
4.6�
�
2:50�
20�
2�
20�
40�
13.16�
790�
0.6963�
8.1�
14.1�
6.0�
�
�
�
�
�
�
�
�
�
�
�
�
�
Sum:�
49�
18�
70�
119�
65.9�
3969�
2.4462�
55.2�
71.4�
16.2�
�
Ave�
10�
3.6�
14�
24�
13.18�
793.7�
0.4892�
11.04�
14.28�
3.24�
�
STDEV�
6.9�
2.7�
6�
12.1�
0.095�
8.27�
0.1743�
1.76�
0.3059�
1.818�
�
Min�
1�
1�
5�
6�
13.02�
781.7�
0.2045�
8.1�
13.8�
0.9�
�
Max�
20�
8�
20�
40�
13.32�
805.8�
0.6963�
12.9�
14.6�
6.0�
�



Figure 4 indicates the critical value was 0.9 mVp differential between Maximum and Minimum mVp during the corresponding minute at which leg movements accelerated significantly with voltage on Channel A.  Standard deviations for Channel A mVp per minute (5 minutes = 300 observations) were also correlated with RF + RR and Total Steps per corresponding minute, R = 0.88, (P < 0.05), in Figure 5.  Apparently, measures of dispersion or differences in potential voltage were more important than average voltage since neither averages nor sums were related to the number of steps per minute on either channel.


Voltages recorded from LR (left rear) to RR leg on Channel B averaged 12.04 mVp (range 5.6 to 12.4 mVp). LR steps averaged 9.8 ± 5.7 (range 1 to 20) and RR steps averaged 10.4 ± 6.9 (range 2 to 18) steps per minute. Steps were not significantly correlated with voltage on Channel B (P = 0.12). Total number of leg movements averaged 20 ± 8.7 (range 6 to 40) movements per minute. RR steps were correlated with Channel A Max-Min mVp (P < 0.07).  The LR Steps was correlated with RR steps, R = 0.99,  (P < 0.008).  Perhaps Channel A voltages were reflected in LR voltages through the RR leg common ground.


During the 22 minutes the videotape was recording, the Jonseck cow stepped with her RF foot 3.4 times per minute, RR foot 7.2 times, and LR foot 7.0 times per minute. RF was attached to Channel A, LR to Channel B and RR was a common ground for both A and B. The cow lifted rear feet twice as many times as front feet. The video camera was inadvertently shut off for about 1½ minutes (2:48 and 2:49); thus limiting the leg count for that period while the oscilloscope operated for 429 seconds recording once per second continuously.


Step potential voltage from the ground during the period ranged from 18.8 to 22 mVp.  A voltage drop of 38 to 42% occurred between ground surface and leg skin. This finding is within the 25 to 45% of voltage from cow contact (stall divider) to floor plates noted by Ludington, et al. (24).





�


Figure 4. Steps/Minute Increased as Maximum Minus Minimum Voltage Increased/Minute on the Cow’s Leg.  Voltages from the ground were recorded by Oscilloscope attached to EKG (electrocardiogram) patches on right front and right rear legs.





�


Figure 5. Relationship of Steps/Minute to Standard Deviations of mVp/Minute. (The Standard Deviation is a Measure of Voltage Potential Relative to Average Voltage).





Frequency of voltage during recording with oscilloscope ranged from 2.7 MHz to overload at 30 MHz while the Jonseck cow was dancing to avoid the electrical shocks. Oscilloscope snapshots of the waveform indicate the distorted voltage as in Figures 6 and 7.


�





Figure 6. Oscilloscope plot  from EKG patches on leg of Dancing Cow from Step Voltage off the floor where the cow is standing. Voltage ranges from about 6.4 to 16.1 mVp, 7.25 to 25 MHz frequency in this oscilloscope shapshot.  Jonseck farm 7/23/99.





�


Figure 7.  Oscilloscope waveform showing the distorted notched non-sinusoidal transients carried on the 60 Hz waveform





Electric Fields -- Electricity Travels Inside and Outside of Wires


Electric fields were estimated from step potential voltage (Vp) recorded by the oscilloscope in milking stalls at each farm, using impedance (resistance) reported for cows [1, 2, 11, 30].  Intensity of electric fields (E-field V/m) was estimated from human models of the amperage short circuit (Isc), frequencies from 60 Hz to 1 MHz using Chiba's formula with known short-circuit current, frequencies, and height of the object as: Isc = 5.4 * 10-9 * H2 * E * f/60. Therefore, E field = (V/R) / ((5.4 * 10E-9 * H2) / f60 Hz), and Isc = V/R, where V= step potential Vp, H = Height of Cow (1.4m), R= Cow Resistance, f/60 = frequency normalized, and  5.4* 10-9 = Constant from Chiba and Chen [10]. Chen et al. found the formula Isc = 0.108 * h2m * E0 * fMHz provided reliable results for predicting short-circuit currents induced by high frequency (>1 MHz) electric fields in a human body.


Estimated E-fields ranged from average 1.29 kV/m on one farm for 54 days to maximum 5.55 kV/m on another farm for 204 days as in Table 7. The actual exposure-time (days, months, or years) of farm herds was unknown.  The highest E-field observed was 29.6 kV/m causing a cow to dance in the milking stall while 0.165 volt, 625 Hz electric shocks were recorded on oscilloscope three times during one milking.  That was three times the 10 kV/m exposure of cows to 60 Hz E-fields in 28-day trials by Burchard et al. [7, 8].


Total Harmonic Distortion (THD) is a measure of the percentage of harmonic voltage > 60 Hz relative to the fundamental first harmonic voltage [21]. The Institute of Electrical and Electronic Engineers in publication IEEE 519-1992 [20] sets current limits on the utility side of the meter THD as 5% of the fundamental harmonic. THD was outside these limits on the five farms studied as in Table 7. Similarly, limits for Total Distortion Demand (TDD) which is the end-user contribution to distortion on the utility line are in the same publication.





Table 7. Electric fields for average and maximum event Voltage (Vp), estimated from Chiba in Chen et al. [9], and Total Harmonic Distortion (THD) percent of 1st harmonic voltage.
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Electric-fields and Harmonic Distortion in Milking Stalls �
�
�
�
�
�
�
�
�
�



Recorded 


Days�



Event (1) Ave.


 ± Std. Deviation�
Total


Harmonic Impulses�
Different


Harmonics


1st  - 42nd�



E-Field


Ave.�



E-field


Max�
Voltage


Harmonic 


Distortion % ---�
�
Farm �
No. �
Volts (Vp)/Day�
No./Day�
Number�
kV/m


Ave.�
KV/m


Max�
THD


Ave. %�
THD


Max. %  �
�
Eri�
115�
0.056 ± 0.01�
39,805 ±23695�
16�
2.678�
3.740�
67.8�
132.1�
�
Bey�
  76�
0.050 ± 0.01�
34,593 ±10411�
7�
3.585�
4.301�
19.3�
70.9�
�
Pla�
108�
0.032 ± 0.01�
9,746 ± 9403 �
11�
2.150�
4.482�
29.9�
79.6�
�
Bel�
 54�
0.039 ± 0.01�
21,553 ± 26442�
29�
1.293�
3.430�
22.7�
75.0�
�
Wal�
204�
0.063 ± 0.04�
44,084 ± 33,201�
25�
2.298�
5.551�
90.3�
23.6�
�
(1) Event on the Oscilloscope was ± 3.0 standard deviations from the mean of voltages following the last event. 


Voltage = average recorded during events for the period.


Discussion


Sources of Neutral-to-Earth Currents and Other Research


The finding that milk production decreased as event recorder neutral-to-ground voltages increased from an outlet in the milk-room corresponds to other reports. Neutral-to-ground voltages during transient events averaged -137.9 Vp (range 20 to -160) in milk-room outlets of five farms in the present study.  The pathways, the step potential voltages from the floor of milking-stalls, and the transient events from nonlinear loads in the present study were comparable to unbalanced loads (from secondary or primary) as described by Ludington et al. [24]. “Bonding allows current to flow to metal water pipes, lightning protection, and branch circuit equipment ground wires. The amount of current flowing in each path will depend on the impedance of the path.”  Impedance of cows decreases as voltage/current frequency increases, thus cows receive higher amperage from higher frequency harmonics than from 60 Hz sinusoidal electrical impulses [1], and cows may not feel the higher radio frequency (rf) charges as humans do not hear (perceive) rf waves unless aided by a radio set at proper Hz (frequency).  Further, Ludington et al. [24] noted “the service panel is a divider of neutral voltage. [And] the animal would, almost always, be a current path in series with and in parallel to other resistances.”   Secondly, “The stray voltages, as measured with a resistor, are fractions of the applied voltages.” 


Transient voltage is a temporary unwanted voltage, caused by the sudden release of stored energy in an electrical circuit.  A transient voltage is produced from stored energy contained in the circuit inductance and capacitance.  Oscillatory transient voltages are commonly caused by turning OFF high inductive loads and by switching large utility power-factor correction capacitors. A phase shift occurs between alternating voltage and current in an inductive circuit.  The greater the inductance the larger the phase shift, in which current lags voltage. Because a change in frequency changes inductance reactance of a circuit, any change in frequency delivered to the load has an effect. Because non-linear loads produce harmonics, harmonics have an effect on the power distribution system and loads [21, p. 34].  The trend of increasing harmonics on power lines [27] and adverse effects of inferior quality power on customers’ equipment have been reported [14, 21, 26].


Harmonic distortion is caused by non-linear loads in electronic circuits such as variable speed motor drives (speed depends on frequency), electronic ballast used in lighting circuits, switch-mode power supplies in personal computers, printers, and medical test equipment such as MRI (magnetic radiation imaging).  Harmonics are especially a problem where there are large numbers of computers and other nonlinear loads that draw current in short impulses. Triplens result from single-phase nonlinear loads that draw current only during the peak of the voltage waveform.  These loads combined in a three-phase circuit produce triplen harmonics. Triplens do not cancel one another but are additive and return exclusively through the neutral conductor.  The resulting magnitude of the neutral current may exceed the capacity of the neutral conductor, and since there are no circuit breakers in the neutral, overheating of circuits occurs and may cause fires [21, 26].


Nonlinear loads include all types of electronic equipment that use switched-mode power supplies, e.g., rectifiers converting ac to dc, inverters converting dc to ac, arc welders, and battery chargers in addition to those listed above. All these devices change a smooth sinusoidal wave into irregular distorted wave shapes [21, p. 51; 26, p. 89] as were captured by oscilloscope at all farms in the present study (Figures 6 and 7).  


Excessive leg/foot movements, stepping and shifting weight represent abnormal behavior that can be disturbing during milking. These movements correspond to the same magnitude of voltage that caused decreases of milk production in the present study and do not conflict with other research.  Norell et al. [30] observed that cows picked up a front foot twenty-two percent of the time under no shock conditions and considered these random foot movement. However, the lowest treatment current in their experiments were 1.0 mA, equivalent to 0.36 V, considering 360 Ohms mouth to front hooves resistance, determined in the experiment to cause cows to raise a front foot. Lower uncontrolled voltages were not measured.  Similarly, Brennan et al. [6] found "an unexpected level of response to control (0 cycles of 60 cycle AC treatment)." Controls gave escape responses (opening the mouth) 26 times per 30-second test period compared to treatment cows receiving 1, 3, 8, 15 cycles responding 56 to 58 times and cows receiving 30 cycles responding 75 times per 30 seconds.


In the present study, uncontrolled impulses of various frequencies (Figures 6 and 7) were recorded by the oscilloscope as the cow was dancing. Cow resistance to current decreases as frequency increases [1], thus the high frequency, non-sinusoidal impulses from rural power lines recorded at the farms studied apparently produce different responses than 60 Hz, steady- state, sinusoidal currents used in experiment station trials reported in journal articles.


The present observation of leg movements in relation to voltage differential was similar to the conclusion by Norell et al. that 13.8% of cows that were trained to perform an avoidance response, responded to 1.0 mA 60 Hz ac from mouth to rear hooves [2, 30].  Milk production was not reported for cows responding to various voltages/currents in the sensitivity experiments [2, 30, 35, 38]. The assumption by stray voltage experts that sensitivity or perception of electricity by cows equates to effects on milk production and animal health has not been tested sufficiently to permit a valid conclusion. 


Milk production decreased 11 to 17% compared to controls when cows were exposed to 5.0 mA intermittent 60 Hz, steady-state electric shock [22].  Reliable laboratory experiments determining effects of electrical power quality on milk production and health of dairy cattle comparable to those found on rural utility lines have not been reported. All of the previously reported experiments have been conducted with 60 Hz, steady-state sinusoidal currents.  In general, stray voltage experiments [35, 38] have jeopardized the probability of finding statistically significant effects of electricity on milk production because number of cows/treatment were inadequate, sources of variance within and between groups were too large and often not considered, electrical exposure times of cows too limited, and turnover of cows too excessive to provide reliable data and valid conclusions [4].  Those laboratory exercises have very little in common with farm experiences where exposure may be lifetime, constant, variable in magnitude and frequency, and sunken resources are limited.


Increases of primary neutral current-flow into the grounded neutral network (IPA) by primary neutral current from a neighboring farm and primary neutral current from on-farm loads was described by Gustafson and Cloud [17].  Secondary neutral current due to unbalanced on-farm loads, interconnection of equipment and circuit neutral conductors, wiring faults, poor connectors, improper use of neutral conductors, and tree branches brushing power distribution lines may each contribute to increased neutral-to-earth transient and harmonic currents in the livestock environment.  


Results of the present study confirm a 1980 report that low-level neutral-to-ground voltages and transients are a significant problem in some milking areas. And, jumpiness, kicking, refusal of some cows to enter the milking parlor, and reduced milk production are some manifestations of the problem [15].  


Polk [32], one of the science advisors to the Minnesota Public Utilities Commission, using the science advisor’s data [19] shows considerable scatter of milk/cow/day when step voltage was less than 0.01-V (10 mV), but a linear relationship between milk/cow/day and step voltage above 9 mV. He noted that when one considers only the V-lu (voltage at low electric use) above 9 mV the correlation coefficient between milk/cow/day and V-lu becomes 0.994. However, because of the small number of farms, 3 over 9 mV, the P-value becomes 0.069.  Also, on three farms where step voltage was 9 mV or larger, the value of milk/cow/day decreased linearly with soil resistivity to current.  Results of the present study, when number of transients, frequency of impulses, and the number of harmonics per day are considered, support the position of Polk that 10 mV peak to peak is a critical voltage level on some farms.


Exposure of cows under laboratory conditions to a 10/kV/m, 60 Hz electric field and a uniform horizontal magnetic field of 30 µT (microtesla) for 28 days, has shown physiological effects that are potentially adverse [7, 8].  Burchard et al. [7] found a significant increase in quinolinic acid and a trend towards an increase in tryptophan in cerebrospinal fluid consistent with a weakening of the blood-brain barrier due to exposure to the electric and magnetic fields.  Burchard et al. [8] also found decreased concentrations of magnesium and increased concentrations of calcium and phosphorus in blood plasma and decreased concentrations of iron and manganese in cerebrospinal fluid of dairy cows and heifers exposed to 60 Hz, 10 kV/m electric fields, and 30 µT magnetic fields. 


Observations in the present study indicate that step-potential cow-contact current in milking stalls was sufficient to cause cattle to lift their feet to avoid electric shock from the floor or ground, and to decrease milk production without contacting metal, e.g., water bowls, feeders, or stall pipes.  Thus, the assumption that cows are affected by electricity because they are repelled from shocks on water bowls and metal feeders, etc., may be true. But, the present data also reveals that ground currents that were conducted, or coupled, through feet and legs without touching any metal objects affected behavior (stepping) and milk production. This concurs with reports that rats exposed to 150 V/cm electric fields reduced water consumption, gained less weight, and had lower levels of cortisol in blood in 9 of 10 trials, although exposure was through the air, and water was not connected to electric circuits [25]. In contrast, blood cortisol of cows increased temporarily upon exposure for a few minutes during or near milking [35, 38]. Effects on changes in blood adrenal steroids over long periods of exposure and a wide range of frequencies as found on farms have not been reported but may cause pituitary-adrenal fatigue as in Addison’s disease or other impairment of health.


Recent discovery of the effect of external electric fields on membrane harmonic oscillations, caused by ions whose collisions with the membrane surface influence properties of a single lipid chain may be a key to understanding electrical effects on cattle [40]. And, electrochemical effects of modulated VHF fields on the central nervous system [3] may help explain the significance of cerebrospinal fluid protein and electrolyte (calcium ion) modifications by electric fields in dairy cows [7, 8]. Autonomic nervous system response, such as epinephrine reducing blood flow through the udder of cattle under stress [2, 22, 35] could explain reduced milk production but has not been adequately investigated in relation to electrical shock.  


A review by California Health Services Department prepared for the PUC, reveals human health risks from electric and magnetic fields from power lines in the home or workplace [29]. Chen et al. [9] reported that ELF (extremely low frequency) inhibition of differentiation of Friend erythroleukemia cells was dose dependent on electromagnetic exposure; and because ELF inhibits the same enzyme in-vitro as phorbal esters, phenobarbitol, and dioxin, it falls in the same class of carcinogens that proliferate but do not cause cancer.  Human colon cancer cells increased six-fold during exposure to electromagnetic fields in-vitro [31]. Electrical exposure disturbed melatonin secretion patterns in blood by the pineal gland [5], increased brain cancer and leukemia among electrical workers [23, 37], increased leukemia in children [23], and decreased T lymphocytes in power plant workers [28].  A higher rate of suicide among utility electricians and linemen than utility workers not employed in those jobs, suggesting increased risk of mental depression and disturbed sleep patterns upon chronic exposure to low frequency electromagnetic fields [39], further suggests electric field or electromagnetic field involvement with central nervous system functions [3].





�
Conclusions


Dairy cows were sensitive to earth currents associated with transients recorded in neutral-to-ground circuit outlets, from the floor in milking stalls, and in barnyards of twelve farms studied.  Step potential voltages recorded by oscilloscope from metal plates in the floor of cow-stalls were non-sinusoidal distortions of the 60 Hz waveform having frequencies ranging from the 1st  through the 42nd harmonic, and up to 30 MHz with numerous impulses in overload, exceeding the capacity of the oscilloscope.  The quality of electric power on farms and power lines affecting cattle was inferior to the 60 Hz steady-state sinusoidal current described in “stray voltage” laboratory reports [2, 22, 35, 38].  


Cows were sensitive to harmonic distortions of step-potential voltage, suggesting that utility compliance with IEEE standards on dairy farms may need to be addressed.


Power quality varied greatly from farm to farm and day to day.  Milk production responses to changes in power quality varied inversely with the number of transient events recorded with event recorders, oscilloscope, and power quality meters. Harmonics often gave better estimates of electrical effects on milk production than voltage per se.


Use of a 500-Ohm resistor in the volt meter test circuit, for power quality, effectively eliminates from consideration the electrical measures that were found to be harmful in this study and may give misleading or unreliable information to investigators and herd owners. Studies of the effects of various electrical frequencies and harmonics on animals and humans and the physiological processes affecting behavior, health, reproduction and productivity deserve further attention.
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